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Genesis of upgrade effort 
•  IO has encouraged community to update database and 

scaling 
•  Some parametric trends in scaling not reproduced machine-to-

machine 
•  Scaling is old (1998); more data is available 
•  98y,2 scaling may not adequately reflect trends in ITER H-mode-

baseline collection of discharges (Luce, IOS) 
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Genesis - Very few of the entries in the present 
database approach ITER baseline conditions 
•  McDonald et al. (2007) defined “ITER-like” subset 

•  Standard selection + 
•  1.4 < κ < 1.85 
•  1.6 < qcyl < 2.5 
•  1.83 < M < 2.17 

•  In (private) database DB4V5, Standard Selection+ITER-Like (as 
above) yields very small, not entirely descriptive dataset 

•  TOKAMAK  Count   
  

JET   53 
MAST   3 
NSTX   1 
PBXM   72    
TCV   17    
Total   146 
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Scope of task 
•  Improve quality of predictions and inform and address 

physics investigations 
•  In the latter case, a separation between core and pedestal 

needs to be made 
• Both objectives important, but requires careful 

consideration of what to include in update 
•  More of the same will not be sufficient 
•  Need to expand in types of entries, info in each entry 

• Expect scaling to change as data closer to the ITER 
baseline included 
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Issues to consider in update of DB 
•  Triangularity not included in old scaling, but is known to 

have an effect on confinement 
•  Incorporate into scalings 

• Rotation/torque/rotation shear have clear impact on local 
transport, confinement in various devices 
•  Include data 

•  Include data from devices with high-Z divertor/walls 
•  JET, AUG (+ already existing C-Mod) 

• Confinement is known to depend on plasma 
characteristics close to or beyond pedestal 
•  Include SOL/separatrix density (JET, AUG) 
•  2-term scalings (need more info re pedestal top positions) 
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Database update: DB5 
• Addition of data from fully metallic wall/divertor devices 

•  627 time slices from JET-ILW H-modes 
•  825 from AUG full W wall 

•  Improved fast particle estimates (AUG) 
• DB5v7: 13913 points from 19 devices 

•  STD5: standard H-mode selection criteria  7294 points 
•  STD5-SEL1: q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5  5956 points 
•  STD5-SEL2: 2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385, Zeff<3    1674 

points 

•  ne,sep, ne,SOL, torque added (JET, AUG) 
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Ranges of main scaling parameters in 
STD5 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

* Work supported by US DOE Contract No. DE-AC02-09CH11466
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least squares (WLS)

𝑛௃ = # points from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares
(OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, 
with low-Z (carbon wall components) vs. high-Z (fully 
metal-wall devices). Number of data points per tokamak in DB5, the 

standard set before the latest update (STD3), the 
current standard set (STD5) and two ITER-relevant 
subsets (ST5-SEL1 and STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values 
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main scaling 
variables in STD5 (values in DB2v8 in parentheses). 
Correlations above  are highlighted (it is noted that the 
correlation table provides only a simplified picture of predictor 
inter-dependencies).

Regression methods 
•  Complications arising in the analysis: 

Ø  Heterogeneous data from multiple devices and diagnostics 
Ø  Heterogeneous measurement uncertainties, 

log-transformation [13, 14] 
Ø  Within-device vs. between-device variability 
Ø  Model uncertainty 
Ø  Uncertainty in predictor and response variables 

 ( ​"↓E,th , ​(↓l,th , ​*↑∗ , ​,↑∗ , -, …) [13 – 16] 
Ø  Predictor variable interdependencies (medium to strong 

collinearity) 

•  Deterministic model component: regression function 
.=/({​2↓3 },{​5↓6 })  

 
 
 

•  Stochastic model component 
 

Motivation and goals 
•  Add data closer to ITER conditions and 

expand parameter range 
•  Add data from devices with fully metallic walls 
•  Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ​​8 ↓e , low ​:↓95 , high -) (high ne, low q95, high β)

Database update: DB5 
•  Addition of data from fully metallic devices (2017): 

Ø  627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7] 
Ø  825 from ASDEX Upgrade (AUG) full W wall [8] 

•  Improved fast-particle loss estimates (AUG) 
•  DB5v7: 13913 points from 19 devices 

Ø  STD5 (H-mode selection criteria [9]): 7294 points 
Ø  STD5-SEL1 ( ​:↓95 >2.8, 1.3<;<2.2, <<0.5, ​=↓eff <5): 5956 points 
Ø  STD5-SEL2 (2.8< ​:↓95 <3.5, 1.6<;<2.0, 0.28<<<0.385, 

​=↓eff <3): 1674 points 

•  200+ variables, added ​8↓e,sep , ​8↓e,SOL , torque (JET, AUG) ne,sep, ne,SOL, torque (JET, AUG)

(q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5: 5956 points)

Zeff<3): 1674 points)
(2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τE,th
, Pl,th, ρ*, ν*, β, �)     [13-16]
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Ioffe Institute, St. Petersburg, Russia (TUMAN-3M)

Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

First analysis of the updated ITPA global H-mode confinement database
G. Verdoolaege1,2, S.M. Kaye3, C. Angioni4, O.J.W.F. Kardaun4, M. Maslov5, M. Romanelli5, F. Ryter4, K. Thomsen4,

the ASDEX Upgrade Team*, the EUROfusion MST1 Team† and JET Contributors‡

1Department of Applied Physics, Ghent University, Ghent, Belgium
2Laboratory for Plasma Physics, Royal Military Academy, Brussels, Belgium
3Princeton Plasma Physics Laboratory, Princeton, NJ, USA

4Max Planck Institute for Plasma Physics, Garching, Germany
5UKAEA, Culham Science Centre, Abingdon, UK

* See the author list of “A. Kallenbach et al. Nuclear Fusion 57 (2017) 102015”.
† See the author list of “H. Meyer et al., Nucl. Fusion 57 (2017), 102014”.
‡ See the author list of “X. Litaudon et al., Nucl. Fusion 57 (2017), 102001”.

10. NUNES, I. et al., Plasma Phys. Control. Fusion 58 1 (2016), 014034 (10 pp.)
11. SCHWEINZER, J., Nucl. Fusion 51 11 (2011), 113003 (7 pp.)
12. KARDAUN, O.J.W.F. et al., Proc. 21st IAEA Fusion Energy Conf. (Chengdu, PRC), IT/P1-10 (2006).
13. MCDONALD, D.C. et al., Plasma Phys. Control. Fusion 48 5A (2006), A439–A447
14. VERDOOLAEGE, G. et al., Nucl. Fusion 55 11 (2015), 113019 (19 pp.)
15. CORDEY, J.G. et al., Nucl. Fusion 45 9 (2005), 1078–1084
16. VERDOOLAEGE, G., Entropy 17 7 (2015), 4602–4626
17. PREUSS, R. et al., AIP Conf. Proc. 803 (2005) 448–455
18. VON TOUSSAINT, U., Entropy 17 6 (2015), 3898–3912
19. KAYE, S.M. et al., APS Division of Plasma Physics, 60th Annual Meeting (Portland, OR, USA, 2018)

References
1. International Global H-Mode Confinement Database (2009), http://efdasql.ipp.mpg.de/HmodePublic
2. KARDAUN, O.J.W.F., IPP-Report 2017-05 (2017)
3. ITER Physics Basis: Chapter 2, Nucl. Fusion 39 12 (1999) 2175–2249
4. CHALLIS, C.D. et al., Nucl. Fusion 55 5 (2015), 053031 (18 pp.)
5. RYTER, F. et al., Nucl. Fusion 41 5 (2001), 537–550
6. MASLOV, M. et al., Proc. 45th EPS Conf. on Plasma Physics (Prague, Czech Republic), ECA, Vol. 42A, 

P5.1064 (2018)
7. MASLOV, M. et al., Nucl. Fusion, in preparation
8. RYTER, F. et al., Nucl. Fusion, in preparation
9. MCDONALD, D.C. et al., Nucl. Fusion 47 3 (2007), 147–174

Acknowledgements
The contributors to the International H-Mode Confinement Public Domain Database are acknowledged:

This work was conducted under the auspices of the ITPA Topical Group on Transport and Confinement. The views and opinions expressed in this work do not necessarily reflect those of the ITER Organization.
The research was also partly supported by U.S. DOE Contract DE-AC02-09CH11466.

Japan Atomic Energy Agency, Naka, Japan (JT-60U, JFT-2M)
Kurchatov Institute, Moscow, Russia (T-10)
Max Planck Institute for Plasma Physics, Garching, Germany (ASDEX, ASDEX Upgrade)
Plasma Science and Fusion Center, MIT, Cambridge, MA, USA (Alcator C-Mod)
Princeton Plasma Physics Laboratory, Princeton, NJ, USA (NSTX, PDX, PBX-M, TFTR)

Culham Centre for Fusion Energy, Abingdon, UK (COMPASS, JET, MAST, START)
Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland (TCV)
General Atomics, San Diego, CA, USA (DIII-D)
Hydro-Québec – Centre Canadien de Fusion Magnétique, Varennes, Canada (TdeV)
Ioffe Institute, St. Petersburg, Russia (TUMAN-3M)

Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least

𝑛௃ = # points 
from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares (OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

Euclidean 
distance

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

Rao GD

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Parameter estimation techniques
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

ITER parameters used: Ip=15 MA, BT=5.3 T, ne=10.3e19 m-3, R=6.2 m, ε=a/
R=0.32, κ=1.7, δ=0.33, Meff=2.5, Pheat=87 MW 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Device DB5 STD3 STD5 STD5-
SEL1 

STD5-
SEL2 

ASDEX 1470 575 575 0 0 

AUG-C 1590 755 1384 1377 193 

AUG-W 825 0 767 767 69 
C-Mod 87 82 82 82 11 
COMPASS 43 21 21 21 14 
DIII-D 670 502 502 497 64 

JET-C 5069 1451 2235 2051 960 

JET-ILW 627 0 600 591 363 
JFT-2M 795 347 348 256 0 
JT60-U 387 100 100 100 0 
MAST 47 43 43 0 0 
NSTX 252 230 230 0 0 
PBXM 264 214 214 214 0 
PDX 143 119 119 0 0 
START 9 8 8 0 0 
T10 12 4 4 0 0 
TCV 21 17 17 0 0 
TdeV 14 7 7 0 0 

TEXTOR 1435 0 0 0 0 

TFTR 104 2 2 0 0 
TUMAN3M 49 36 36 0 0 

Total 12312 4512 6734 5358 1864 

Variables ln Ip ln BT ln ne
ln 

PL,th 
ln D 

ln 
(1+E) 

ln F ln G 
ln 

Meff
 

ln Ip 1 − − − − − − − − 

=n BT 
0.41 

(0.39) 
1 − − − − − − − 

ln ne
0.10 

(0.19) 

0.28 
(0.36) 

1 − − − − − − 

l> PL,th ?.@2  
(?.@5) 

0.40 
(0.27) 

0.25 
(0.23) 

1 − − − − − 

ln D  
?.83  

(?.81) 

0.42 
(0.01) 

−0.32 
(−0.49) 

?.82  
(0.58) 

1 − − − − 

ln 
(1+E)  

0.36 
(?.82) 

−0.29 
(0.01) 

0.17 
(0.33) 

0.28 
(0.59) 

−0.02 
(0.15) 

1 − − − 

ln F  
0.60 

(?.63) 

−0.11 
(0.03) 

0.30 
(0.37) 

0.55 
(?.68) 

0.12 
(0.32) 

?.62  
(?.@6) 

1 − − 

ln G  
0.49 

(?.63) 

−0.31 
(0.25) 

0.08 
(0.18) 

0.32 
(?.86) 

−0.10 
(0.28) 

0.52 
(0.56) 

0.58 
(?.85) 

1 − 

ln
Meff

0.42 
(0.59) 

0.21 
(0.26) 

0.26 
(0.27) 

0.34 
(0.57) 

0.11 
(0.26) 

0.16 
(0.33) 

0.37 
(0.51) 

0.30 
(0.47) 

1 

Statistic τE,th (s) IP 
(MA) BT (T) 

ne 
(1019 
m-3) 

PL,th 
(MW) 

D
(m) 1+E F G Meff 

Min. 0.0022 
(0.014) 

0.12 
(0.17) 

0.26 
(0.94) 

1.2 
(1.2) 

0.075 
(0.38) 

0.28 
(0.67) 

1.0 
(1.0) 

0.92 
(0.93) 

0.15 
(0.15) 

1.0 
(1.0) 

Max. 1.3 
(1.3) 

5.1 
(5.1) 

6.1 
(5.8) 

43 
(43) 

22 
(21) 

3.4 
(3.4) 

1.9 
(1.9) 

2.6 
(2.3) 

?.6@ 
(0.40) 

2.3 
(2.0) 

Mean 0.19 
(0.15) 

1.4 
(1.1) 

2.1 
(2.2) 

5.8 
(5.5) 

7.0 
(4.5) 

2.1 
(1.8) 

1.3 
(1.2) 

1.7 
(1.4) 

0.32 
(0.29) 

1.9 
(1.8) 

Median ?.11 
(0.054) 

1.? 
(0.62) 

2.1 
(2.2) 

5.1 
(4.4) 

5.@ 
(2.8) 

1.7 
(1.7) 

1.3 
(1.2) 

1.7 
(1.6) 

0.31 
(0.29) 

2.0 
(2.0) 

Stand. dev. 0.20 
(0.20) 

0.91 
(1.0) 

0.73 
(0.71) 

3.5 
(4.9) 

5.0 
(3.7) 

0.71 
(0.55) 

0.15 
(0.19) 

0.27 
(0.39) 

0.091 
(0.064) 

0.30 
(0.30) 

7 



Individual device scalings 
•  Scaling with Ip similar for 

ITER-like devices (S-Mod, 
DIII-D JET) except AUG, but 
weaker for other devices 

•  BT dependence weak in 
ITER-like devices, slightly 
negative in AUG 

•  Scaling with nweak in ITER-
like devices, slightly 
stronger in JET-C. Stronger 
dependence in smaller or 
more circular devices 

•  Power degradation weakest 
in ITER-like devices 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may 
have to delete the image and then insert it again.

8 



H98y2 overpredicts confinement 
• STD5-SEL1 
• Overpredicts near Greenwald limit 
• Overpredicts for high-Z wall devices 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

9 



Scaling results 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

* Work supported by US DOE Contract No. DE-AC02-09CH11466

Global energy confinement scaling 
•  Extrapolate plasma performance to new machines 

(e.g. ITER) 
•  Reference for confinement in present experiments 
•  Boundary condition for numerical models 
•  Guidance for development of theoretical models 
•  Global H-Mode Confinement Database (°1989): 

Ø  Presently under ITPA umbrella 
Ø  DB4v5: data from 19 tokamaks [1, 2] 
Ø  Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3] 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least squares (WLS)

𝑛௃ = # points from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares
(OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, 
with low-Z (carbon wall components) vs. high-Z (fully 
metal-wall devices). Number of data points per tokamak in DB5, the 

standard set before the latest update (STD3), the 
current standard set (STD5) and two ITER-relevant 
subsets (ST5-SEL1 and STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values 
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main scaling 
variables in STD5 (values in DB2v8 in parentheses). 
Correlations above  are highlighted (it is noted that the 
correlation table provides only a simplified picture of predictor 
inter-dependencies).

Regression methods 
•  Complications arising in the analysis: 

Ø  Heterogeneous data from multiple devices and diagnostics 
Ø  Heterogeneous measurement uncertainties, 

log-transformation [13, 14] 
Ø  Within-device vs. between-device variability 
Ø  Model uncertainty 
Ø  Uncertainty in predictor and response variables 

 ( ​"↓E,th , ​(↓l,th , ​*↑∗ , ​,↑∗ , -, …) [13 – 16] 
Ø  Predictor variable interdependencies (medium to strong 

collinearity) 

•  Deterministic model component: regression function 
.=/({​2↓3 },{​5↓6 })  

 
 
 

•  Stochastic model component 
 

Motivation and goals 
•  Add data closer to ITER conditions and 

expand parameter range 
•  Add data from devices with fully metallic walls 
•  Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ​​8 ↓e , low ​:↓95 , high -) (high ne, low q95, high β)

Database update: DB5 
•  Addition of data from fully metallic devices (2017): 

Ø  627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7] 
Ø  825 from ASDEX Upgrade (AUG) full W wall [8] 

•  Improved fast-particle loss estimates (AUG) 
•  DB5v7: 13913 points from 19 devices 

Ø  STD5 (H-mode selection criteria [9]): 7294 points 
Ø  STD5-SEL1 ( ​:↓95 >2.8, 1.3<;<2.2, <<0.5, ​=↓eff <5): 5956 points 
Ø  STD5-SEL2 (2.8< ​:↓95 <3.5, 1.6<;<2.0, 0.28<<<0.385, 

​=↓eff <3): 1674 points 

•  200+ variables, added ​8↓e,sep , ​8↓e,SOL , torque (JET, AUG) ne,sep, ne,SOL, torque (JET, AUG)

(q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5: 5956 points)

Zeff<3): 1674 points)
(2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τE,th
, Pl,th, ρ*, ν*, β, �)     [13-16]
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland (TCV)
General Atomics, San Diego, CA, USA (DIII-D)
Hydro-Québec – Centre Canadien de Fusion Magnétique, Varennes, Canada (TdeV)
Ioffe Institute, St. Petersburg, Russia (TUMAN-3M)

Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least

𝑛௃ = # points 
from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares (OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

Euclidean 
distance

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

Rao GD

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Parameter estimation techniques
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

ITER parameters used: Ip=15 MA, BT=5.3 T, ne=10.3e19 m-3, R=6.2 m, ε=a/
R=0.32, κ=1.7, δ=0.33, Meff=2.5, Pheat=87 MW 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Device DB5 STD3 STD5 STD5-
SEL1 

STD5-
SEL2 

ASDEX 1470 575 575 0 0 

AUG-C 1590 755 1384 1377 193 

AUG-W 825 0 767 767 69 
C-Mod 87 82 82 82 11 
COMPASS 43 21 21 21 14 
DIII-D 670 502 502 497 64 

JET-C 5069 1451 2235 2051 960 

JET-ILW 627 0 600 591 363 
JFT-2M 795 347 348 256 0 
JT60-U 387 100 100 100 0 
MAST 47 43 43 0 0 
NSTX 252 230 230 0 0 
PBXM 264 214 214 214 0 
PDX 143 119 119 0 0 
START 9 8 8 0 0 
T10 12 4 4 0 0 
TCV 21 17 17 0 0 
TdeV 14 7 7 0 0 

TEXTOR 1435 0 0 0 0 

TFTR 104 2 2 0 0 
TUMAN3M 49 36 36 0 0 

Total 12312 4512 6734 5358 1864 

Variables ln Ip ln BT ln ne
ln 

PL,th 
ln D 

ln 
(1+E) 

ln F ln G 
ln 

Meff
 

ln Ip 1 − − − − − − − − 

=n BT 
0.41 

(0.39) 
1 − − − − − − − 

ln ne
0.10 

(0.19) 

0.28 
(0.36) 

1 − − − − − − 

l> PL,th ?.@2  
(?.@5) 

0.40 
(0.27) 

0.25 
(0.23) 

1 − − − − − 

ln D  
?.83  

(?.81) 

0.42 
(0.01) 

−0.32 
(−0.49) 

?.82  
(0.58) 

1 − − − − 

ln 
(1+E)  

0.36 
(?.82) 

−0.29 
(0.01) 

0.17 
(0.33) 

0.28 
(0.59) 

−0.02 
(0.15) 

1 − − − 

ln F  
0.60 

(?.63) 

−0.11 
(0.03) 

0.30 
(0.37) 

0.55 
(?.68) 

0.12 
(0.32) 

?.62  
(?.@6) 

1 − − 

ln G  
0.49 

(?.63) 

−0.31 
(0.25) 

0.08 
(0.18) 

0.32 
(?.86) 

−0.10 
(0.28) 

0.52 
(0.56) 

0.58 
(?.85) 

1 − 

ln
Meff

0.42 
(0.59) 

0.21 
(0.26) 

0.26 
(0.27) 

0.34 
(0.57) 

0.11 
(0.26) 

0.16 
(0.33) 

0.37 
(0.51) 

0.30 
(0.47) 

1 

Statistic τE,th (s) IP 
(MA) BT (T) 

ne 
(1019 
m-3) 

PL,th 
(MW) 

D
(m) 1+E F G Meff 

Min. 0.0022 
(0.014) 

0.12 
(0.17) 

0.26 
(0.94) 

1.2 
(1.2) 

0.075 
(0.38) 

0.28 
(0.67) 

1.0 
(1.0) 

0.92 
(0.93) 

0.15 
(0.15) 

1.0 
(1.0) 

Max. 1.3 
(1.3) 

5.1 
(5.1) 

6.1 
(5.8) 

43 
(43) 

22 
(21) 

3.4 
(3.4) 

1.9 
(1.9) 

2.6 
(2.3) 

?.6@ 
(0.40) 

2.3 
(2.0) 

Mean 0.19 
(0.15) 

1.4 
(1.1) 

2.1 
(2.2) 

5.8 
(5.5) 

7.0 
(4.5) 

2.1 
(1.8) 

1.3 
(1.2) 

1.7 
(1.4) 

0.32 
(0.29) 

1.9 
(1.8) 

Median ?.11 
(0.054) 

1.? 
(0.62) 

2.1 
(2.2) 

5.1 
(4.4) 

5.@ 
(2.8) 

1.7 
(1.7) 

1.3 
(1.2) 

1.7 
(1.6) 

0.31 
(0.29) 

2.0 
(2.0) 

Stand. dev. 0.20 
(0.20) 

0.91 
(1.0) 

0.73 
(0.71) 

3.5 
(4.9) 

5.0 
(3.7) 

0.71 
(0.55) 

0.15 
(0.19) 

0.27 
(0.39) 

0.091 
(0.064) 

0.30 
(0.30) 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

* Work supported by US DOE Contract No. DE-AC02-09CH11466

Global energy confinement scaling 
•  Extrapolate plasma performance to new machines 

(e.g. ITER) 
•  Reference for confinement in present experiments 
•  Boundary condition for numerical models 
•  Guidance for development of theoretical models 
•  Global H-Mode Confinement Database (°1989): 

Ø  Presently under ITPA umbrella 
Ø  DB4v5: data from 19 tokamaks [1, 2] 
Ø  Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3] 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least squares (WLS)

𝑛௃ = # points from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares
(OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, 
with low-Z (carbon wall components) vs. high-Z (fully 
metal-wall devices). Number of data points per tokamak in DB5, the 

standard set before the latest update (STD3), the 
current standard set (STD5) and two ITER-relevant 
subsets (ST5-SEL1 and STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values 
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main scaling 
variables in STD5 (values in DB2v8 in parentheses). 
Correlations above  are highlighted (it is noted that the 
correlation table provides only a simplified picture of predictor 
inter-dependencies).

Regression methods 
•  Complications arising in the analysis: 

Ø  Heterogeneous data from multiple devices and diagnostics 
Ø  Heterogeneous measurement uncertainties, 

log-transformation [13, 14] 
Ø  Within-device vs. between-device variability 
Ø  Model uncertainty 
Ø  Uncertainty in predictor and response variables 

 ( ​"↓E,th , ​(↓l,th , ​*↑∗ , ​,↑∗ , -, …) [13 – 16] 
Ø  Predictor variable interdependencies (medium to strong 

collinearity) 

•  Deterministic model component: regression function 
.=/({​2↓3 },{​5↓6 })  

 
 
 

•  Stochastic model component 
 

Motivation and goals 
•  Add data closer to ITER conditions and 

expand parameter range 
•  Add data from devices with fully metallic walls 
•  Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ​​8 ↓e , low ​:↓95 , high -) (high ne, low q95, high β)

Database update: DB5 
•  Addition of data from fully metallic devices (2017): 

Ø  627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7] 
Ø  825 from ASDEX Upgrade (AUG) full W wall [8] 

•  Improved fast-particle loss estimates (AUG) 
•  DB5v7: 13913 points from 19 devices 

Ø  STD5 (H-mode selection criteria [9]): 7294 points 
Ø  STD5-SEL1 ( ​:↓95 >2.8, 1.3<;<2.2, <<0.5, ​=↓eff <5): 5956 points 
Ø  STD5-SEL2 (2.8< ​:↓95 <3.5, 1.6<;<2.0, 0.28<<<0.385, 

​=↓eff <3): 1674 points 

•  200+ variables, added ​8↓e,sep , ​8↓e,SOL , torque (JET, AUG) ne,sep, ne,SOL, torque (JET, AUG)

(q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5: 5956 points)

Zeff<3): 1674 points)
(2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τE,th
, Pl,th, ρ*, ν*, β, �)     [13-16]
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least

𝑛௃ = # points 
from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares (OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

Euclidean 
distance

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

Rao GD

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Parameter estimation techniques
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

ITER parameters used: Ip=15 MA, BT=5.3 T, ne=10.3e19 m-3, R=6.2 m, ε=a/
R=0.32, κ=1.7, δ=0.33, Meff=2.5, Pheat=87 MW 

‘H18’
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Device DB5 STD3 STD5 STD5-
SEL1 

STD5-
SEL2 

ASDEX 1470 575 575 0 0 

AUG-C 1590 755 1384 1377 193 

AUG-W 825 0 767 767 69 
C-Mod 87 82 82 82 11 
COMPASS 43 21 21 21 14 
DIII-D 670 502 502 497 64 

JET-C 5069 1451 2235 2051 960 

JET-ILW 627 0 600 591 363 
JFT-2M 795 347 348 256 0 
JT60-U 387 100 100 100 0 
MAST 47 43 43 0 0 
NSTX 252 230 230 0 0 
PBXM 264 214 214 214 0 
PDX 143 119 119 0 0 
START 9 8 8 0 0 
T10 12 4 4 0 0 
TCV 21 17 17 0 0 
TdeV 14 7 7 0 0 

TEXTOR 1435 0 0 0 0 

TFTR 104 2 2 0 0 
TUMAN3M 49 36 36 0 0 

Total 12312 4512 6734 5358 1864 

Variables ln Ip ln BT ln ne
ln 

PL,th 
ln D 

ln 
(1+E) 

ln F ln G 
ln 

Meff
 

ln Ip 1 − − − − − − − − 

=n BT 
0.41 

(0.39) 
1 − − − − − − − 

ln ne
0.10 

(0.19) 

0.28 
(0.36) 

1 − − − − − − 

l> PL,th ?.@2  
(?.@5) 

0.40 
(0.27) 

0.25 
(0.23) 

1 − − − − − 

ln D  
?.83  

(?.81) 

0.42 
(0.01) 

−0.32 
(−0.49) 

?.82  
(0.58) 

1 − − − − 

ln 
(1+E)  

0.36 
(?.82) 

−0.29 
(0.01) 

0.17 
(0.33) 

0.28 
(0.59) 

−0.02 
(0.15) 

1 − − − 

ln F  
0.60 

(?.63) 

−0.11 
(0.03) 

0.30 
(0.37) 

0.55 
(?.68) 

0.12 
(0.32) 

?.62  
(?.@6) 

1 − − 

ln G  
0.49 

(?.63) 

−0.31 
(0.25) 

0.08 
(0.18) 

0.32 
(?.86) 

−0.10 
(0.28) 

0.52 
(0.56) 

0.58 
(?.85) 

1 − 

ln
Meff

0.42 
(0.59) 

0.21 
(0.26) 

0.26 
(0.27) 

0.34 
(0.57) 

0.11 
(0.26) 

0.16 
(0.33) 

0.37 
(0.51) 

0.30 
(0.47) 

1 

Statistic τE,th (s) IP 
(MA) BT (T) 

ne 
(1019 
m-3) 

PL,th 
(MW) 

D
(m) 1+E F G Meff 

Min. 0.0022 
(0.014) 

0.12 
(0.17) 

0.26 
(0.94) 

1.2 
(1.2) 

0.075 
(0.38) 

0.28 
(0.67) 

1.0 
(1.0) 

0.92 
(0.93) 

0.15 
(0.15) 

1.0 
(1.0) 

Max. 1.3 
(1.3) 

5.1 
(5.1) 

6.1 
(5.8) 

43 
(43) 

22 
(21) 

3.4 
(3.4) 

1.9 
(1.9) 

2.6 
(2.3) 

?.6@ 
(0.40) 

2.3 
(2.0) 

Mean 0.19 
(0.15) 

1.4 
(1.1) 

2.1 
(2.2) 

5.8 
(5.5) 

7.0 
(4.5) 

2.1 
(1.8) 

1.3 
(1.2) 

1.7 
(1.4) 

0.32 
(0.29) 

1.9 
(1.8) 

Median ?.11 
(0.054) 

1.? 
(0.62) 

2.1 
(2.2) 

5.1 
(4.4) 

5.@ 
(2.8) 

1.7 
(1.7) 

1.3 
(1.2) 

1.7 
(1.6) 

0.31 
(0.29) 

2.0 
(2.0) 

Stand. dev. 0.20 
(0.20) 

0.91 
(1.0) 

0.73 
(0.71) 

3.5 
(4.9) 

5.0 
(3.7) 

0.71 
(0.55) 

0.15 
(0.19) 

0.27 
(0.39) 

0.091 
(0.064) 

0.30 
(0.30) 

We are NOT suggesting ‘H18’ is a formal replacement for H98y2 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

* Work supported by US DOE Contract No. DE-AC02-09CH11466

Global energy confinement scaling 
•  Extrapolate plasma performance to new machines 

(e.g. ITER) 
•  Reference for confinement in present experiments 
•  Boundary condition for numerical models 
•  Guidance for development of theoretical models 
•  Global H-Mode Confinement Database (°1989): 

Ø  Presently under ITPA umbrella 
Ø  DB4v5: data from 19 tokamaks [1, 2] 
Ø  Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3] 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least squares (WLS)

𝑛௃ = # points from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares
(OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, 
with low-Z (carbon wall components) vs. high-Z (fully 
metal-wall devices). Number of data points per tokamak in DB5, the 

standard set before the latest update (STD3), the 
current standard set (STD5) and two ITER-relevant 
subsets (ST5-SEL1 and STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values 
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main scaling 
variables in STD5 (values in DB2v8 in parentheses). 
Correlations above  are highlighted (it is noted that the 
correlation table provides only a simplified picture of predictor 
inter-dependencies).

Regression methods 
•  Complications arising in the analysis: 

Ø  Heterogeneous data from multiple devices and diagnostics 
Ø  Heterogeneous measurement uncertainties, 

log-transformation [13, 14] 
Ø  Within-device vs. between-device variability 
Ø  Model uncertainty 
Ø  Uncertainty in predictor and response variables 

 ( ​"↓E,th , ​(↓l,th , ​*↑∗ , ​,↑∗ , -, …) [13 – 16] 
Ø  Predictor variable interdependencies (medium to strong 

collinearity) 

•  Deterministic model component: regression function 
.=/({​2↓3 },{​5↓6 })  

 
 
 

•  Stochastic model component 
 

Motivation and goals 
•  Add data closer to ITER conditions and 

expand parameter range 
•  Add data from devices with fully metallic walls 
•  Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ​​8 ↓e , low ​:↓95 , high -) (high ne, low q95, high β)

Database update: DB5 
•  Addition of data from fully metallic devices (2017): 

Ø  627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7] 
Ø  825 from ASDEX Upgrade (AUG) full W wall [8] 

•  Improved fast-particle loss estimates (AUG) 
•  DB5v7: 13913 points from 19 devices 

Ø  STD5 (H-mode selection criteria [9]): 7294 points 
Ø  STD5-SEL1 ( ​:↓95 >2.8, 1.3<;<2.2, <<0.5, ​=↓eff <5): 5956 points 
Ø  STD5-SEL2 (2.8< ​:↓95 <3.5, 1.6<;<2.0, 0.28<<<0.385, 

​=↓eff <3): 1674 points 

•  200+ variables, added ​8↓e,sep , ​8↓e,SOL , torque (JET, AUG) ne,sep, ne,SOL, torque (JET, AUG)

(q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5: 5956 points)

Zeff<3): 1674 points)
(2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τE,th
, Pl,th, ρ*, ν*, β, �)     [13-16]
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

First analysis of the updated ITPA global H-mode confinement database
G. Verdoolaege1,2, S.M. Kaye3, C. Angioni4, O.J.W.F. Kardaun4, M. Maslov5, M. Romanelli5, F. Ryter4, K. Thomsen4,

the ASDEX Upgrade Team*, the EUROfusion MST1 Team† and JET Contributors‡

1Department of Applied Physics, Ghent University, Ghent, Belgium
2Laboratory for Plasma Physics, Royal Military Academy, Brussels, Belgium
3Princeton Plasma Physics Laboratory, Princeton, NJ, USA

4Max Planck Institute for Plasma Physics, Garching, Germany
5UKAEA, Culham Science Centre, Abingdon, UK

* See the author list of “A. Kallenbach et al. Nuclear Fusion 57 (2017) 102015”.
† See the author list of “H. Meyer et al., Nucl. Fusion 57 (2017), 102014”.
‡ See the author list of “X. Litaudon et al., Nucl. Fusion 57 (2017), 102001”.

10. NUNES, I. et al., Plasma Phys. Control. Fusion 58 1 (2016), 014034 (10 pp.)
11. SCHWEINZER, J., Nucl. Fusion 51 11 (2011), 113003 (7 pp.)
12. KARDAUN, O.J.W.F. et al., Proc. 21st IAEA Fusion Energy Conf. (Chengdu, PRC), IT/P1-10 (2006).
13. MCDONALD, D.C. et al., Plasma Phys. Control. Fusion 48 5A (2006), A439–A447
14. VERDOOLAEGE, G. et al., Nucl. Fusion 55 11 (2015), 113019 (19 pp.)
15. CORDEY, J.G. et al., Nucl. Fusion 45 9 (2005), 1078–1084
16. VERDOOLAEGE, G., Entropy 17 7 (2015), 4602–4626
17. PREUSS, R. et al., AIP Conf. Proc. 803 (2005) 448–455
18. VON TOUSSAINT, U., Entropy 17 6 (2015), 3898–3912
19. KAYE, S.M. et al., APS Division of Plasma Physics, 60th Annual Meeting (Portland, OR, USA, 2018)

References
1. International Global H-Mode Confinement Database (2009), http://efdasql.ipp.mpg.de/HmodePublic
2. KARDAUN, O.J.W.F., IPP-Report 2017-05 (2017)
3. ITER Physics Basis: Chapter 2, Nucl. Fusion 39 12 (1999) 2175–2249
4. CHALLIS, C.D. et al., Nucl. Fusion 55 5 (2015), 053031 (18 pp.)
5. RYTER, F. et al., Nucl. Fusion 41 5 (2001), 537–550
6. MASLOV, M. et al., Proc. 45th EPS Conf. on Plasma Physics (Prague, Czech Republic), ECA, Vol. 42A, 

P5.1064 (2018)
7. MASLOV, M. et al., Nucl. Fusion, in preparation
8. RYTER, F. et al., Nucl. Fusion, in preparation
9. MCDONALD, D.C. et al., Nucl. Fusion 47 3 (2007), 147–174

Acknowledgements
The contributors to the International H-Mode Confinement Public Domain Database are acknowledged:

This work was conducted under the auspices of the ITPA Topical Group on Transport and Confinement. The views and opinions expressed in this work do not necessarily reflect those of the ITER Organization.
The research was also partly supported by U.S. DOE Contract DE-AC02-09CH11466.

Japan Atomic Energy Agency, Naka, Japan (JT-60U, JFT-2M)
Kurchatov Institute, Moscow, Russia (T-10)
Max Planck Institute for Plasma Physics, Garching, Germany (ASDEX, ASDEX Upgrade)
Plasma Science and Fusion Center, MIT, Cambridge, MA, USA (Alcator C-Mod)
Princeton Plasma Physics Laboratory, Princeton, NJ, USA (NSTX, PDX, PBX-M, TFTR)

Culham Centre for Fusion Energy, Abingdon, UK (COMPASS, JET, MAST, START)
Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland (TCV)
General Atomics, San Diego, CA, USA (DIII-D)
Hydro-Québec – Centre Canadien de Fusion Magnétique, Varennes, Canada (TdeV)
Ioffe Institute, St. Petersburg, Russia (TUMAN-3M)

Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least

𝑛௃ = # points 
from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares (OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

Euclidean 
distance

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

Rao GD

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Parameter estimation techniques
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

ITER parameters used: Ip=15 MA, BT=5.3 T, ne=10.3e19 m-3, R=6.2 m, ε=a/
R=0.32, κ=1.7, δ=0.33, Meff=2.5, Pheat=87 MW 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Device DB5 STD3 STD5 STD5-
SEL1 

STD5-
SEL2 

ASDEX 1470 575 575 0 0 

AUG-C 1590 755 1384 1377 193 

AUG-W 825 0 767 767 69 
C-Mod 87 82 82 82 11 
COMPASS 43 21 21 21 14 
DIII-D 670 502 502 497 64 

JET-C 5069 1451 2235 2051 960 

JET-ILW 627 0 600 591 363 
JFT-2M 795 347 348 256 0 
JT60-U 387 100 100 100 0 
MAST 47 43 43 0 0 
NSTX 252 230 230 0 0 
PBXM 264 214 214 214 0 
PDX 143 119 119 0 0 
START 9 8 8 0 0 
T10 12 4 4 0 0 
TCV 21 17 17 0 0 
TdeV 14 7 7 0 0 

TEXTOR 1435 0 0 0 0 

TFTR 104 2 2 0 0 
TUMAN3M 49 36 36 0 0 

Total 12312 4512 6734 5358 1864 

Variables ln Ip ln BT ln ne
ln 

PL,th 
ln D 

ln 
(1+E) 

ln F ln G 
ln 

Meff
 

ln Ip 1 − − − − − − − − 

=n BT 
0.41 

(0.39) 
1 − − − − − − − 

ln ne
0.10 

(0.19) 

0.28 
(0.36) 

1 − − − − − − 

l> PL,th ?.@2  
(?.@5) 

0.40 
(0.27) 

0.25 
(0.23) 

1 − − − − − 

ln D  
?.83  

(?.81) 

0.42 
(0.01) 

−0.32 
(−0.49) 

?.82  
(0.58) 

1 − − − − 

ln 
(1+E)  

0.36 
(?.82) 

−0.29 
(0.01) 

0.17 
(0.33) 

0.28 
(0.59) 

−0.02 
(0.15) 

1 − − − 

ln F  
0.60 

(?.63) 

−0.11 
(0.03) 

0.30 
(0.37) 

0.55 
(?.68) 

0.12 
(0.32) 

?.62  
(?.@6) 

1 − − 

ln G  
0.49 

(?.63) 

−0.31 
(0.25) 

0.08 
(0.18) 

0.32 
(?.86) 

−0.10 
(0.28) 

0.52 
(0.56) 

0.58 
(?.85) 

1 − 

ln
Meff

0.42 
(0.59) 

0.21 
(0.26) 

0.26 
(0.27) 

0.34 
(0.57) 

0.11 
(0.26) 

0.16 
(0.33) 

0.37 
(0.51) 

0.30 
(0.47) 

1 

Statistic τE,th (s) IP 
(MA) BT (T) 

ne 
(1019 
m-3) 

PL,th 
(MW) 

D
(m) 1+E F G Meff 

Min. 0.0022 
(0.014) 

0.12 
(0.17) 

0.26 
(0.94) 

1.2 
(1.2) 

0.075 
(0.38) 

0.28 
(0.67) 

1.0 
(1.0) 

0.92 
(0.93) 

0.15 
(0.15) 

1.0 
(1.0) 

Max. 1.3 
(1.3) 

5.1 
(5.1) 

6.1 
(5.8) 

43 
(43) 

22 
(21) 

3.4 
(3.4) 

1.9 
(1.9) 

2.6 
(2.3) 

?.6@ 
(0.40) 

2.3 
(2.0) 

Mean 0.19 
(0.15) 

1.4 
(1.1) 

2.1 
(2.2) 

5.8 
(5.5) 

7.0 
(4.5) 

2.1 
(1.8) 

1.3 
(1.2) 

1.7 
(1.4) 

0.32 
(0.29) 

1.9 
(1.8) 

Median ?.11 
(0.054) 

1.? 
(0.62) 

2.1 
(2.2) 

5.1 
(4.4) 

5.@ 
(2.8) 

1.7 
(1.7) 

1.3 
(1.2) 

1.7 
(1.6) 

0.31 
(0.29) 

2.0 
(2.0) 

Stand. dev. 0.20 
(0.20) 

0.91 
(1.0) 

0.73 
(0.71) 

3.5 
(4.9) 

5.0 
(3.7) 

0.71 
(0.55) 

0.15 
(0.19) 

0.27 
(0.39) 

0.091 
(0.064) 

0.30 
(0.30) 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

* Work supported by US DOE Contract No. DE-AC02-09CH11466

Global energy confinement scaling 
•  Extrapolate plasma performance to new machines 

(e.g. ITER) 
•  Reference for confinement in present experiments 
•  Boundary condition for numerical models 
•  Guidance for development of theoretical models 
•  Global H-Mode Confinement Database (°1989): 

Ø  Presently under ITPA umbrella 
Ø  DB4v5: data from 19 tokamaks [1, 2] 
Ø  Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3] 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least squares (WLS)

𝑛௃ = # points from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares
(OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, 
with low-Z (carbon wall components) vs. high-Z (fully 
metal-wall devices). Number of data points per tokamak in DB5, the 

standard set before the latest update (STD3), the 
current standard set (STD5) and two ITER-relevant 
subsets (ST5-SEL1 and STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values 
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main scaling 
variables in STD5 (values in DB2v8 in parentheses). 
Correlations above  are highlighted (it is noted that the 
correlation table provides only a simplified picture of predictor 
inter-dependencies).

Regression methods 
•  Complications arising in the analysis: 

Ø  Heterogeneous data from multiple devices and diagnostics 
Ø  Heterogeneous measurement uncertainties, 

log-transformation [13, 14] 
Ø  Within-device vs. between-device variability 
Ø  Model uncertainty 
Ø  Uncertainty in predictor and response variables 

 ( ​"↓E,th , ​(↓l,th , ​*↑∗ , ​,↑∗ , -, …) [13 – 16] 
Ø  Predictor variable interdependencies (medium to strong 

collinearity) 

•  Deterministic model component: regression function 
.=/({​2↓3 },{​5↓6 })  

 
 
 

•  Stochastic model component 
 

Motivation and goals 
•  Add data closer to ITER conditions and 

expand parameter range 
•  Add data from devices with fully metallic walls 
•  Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ​​8 ↓e , low ​:↓95 , high -) (high ne, low q95, high β)

Database update: DB5 
•  Addition of data from fully metallic devices (2017): 

Ø  627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7] 
Ø  825 from ASDEX Upgrade (AUG) full W wall [8] 

•  Improved fast-particle loss estimates (AUG) 
•  DB5v7: 13913 points from 19 devices 

Ø  STD5 (H-mode selection criteria [9]): 7294 points 
Ø  STD5-SEL1 ( ​:↓95 >2.8, 1.3<;<2.2, <<0.5, ​=↓eff <5): 5956 points 
Ø  STD5-SEL2 (2.8< ​:↓95 <3.5, 1.6<;<2.0, 0.28<<<0.385, 

​=↓eff <3): 1674 points 

•  200+ variables, added ​8↓e,sep , ​8↓e,SOL , torque (JET, AUG) ne,sep, ne,SOL, torque (JET, AUG)

(q95>2.8, 1.3<κ<2.2, ε<0.5, Zeff<5: 5956 points)

Zeff<3): 1674 points)
(2.8<q95<3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τE,th
, Pl,th, ρ*, ν*, β, �)     [13-16]
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (10ଵଽ mିଷ)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ⁄Area 𝜋𝑎ଶ in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼଴𝐼p
ఈ಺𝐵t

ఈಳ ത𝑛e
ఈ೙𝑃l,th

ఈು 𝑅ఈೃ𝜅ఈഉ𝜖ఈച𝑀eff
ఈಾ

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞ଽହ, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to ⁄𝑞ଽହ 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 mି𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞ଽହ > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞ଽହ < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = ⁄𝜏E,th 𝜏̂ଽ଼ vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼଴ + 𝛼ଵ𝑥ଵ + ⋯+ 𝛼௠𝑥௠
¾ 𝑦 = 𝛼଴𝑥ଵ

ఈభ …𝑥௠
ఈ೘

¾ log 𝑦 = log𝛼଴ + 𝛼ଵ log 𝑥ଵ + ⋯+ 𝛼௠ log 𝑥௠
¾ 𝑦 = 𝑓ଵ 𝑥௝ , 𝛼௞ + 𝑓ଶ 𝑥௝ , 𝛽௞

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥௝ , 𝛼௞

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤௜ = 2 + ⁄𝑛௃ 4 ିଵ
: weighted least

𝑛௃ = # points 
from device 𝐽

𝑤௜ ≡ 1:
ordinary least squares (OLS)

ො𝛼௞ = arg min
ఈೖ∈ℝ

෍
௜ୀଵ

௡

𝑤௜ଶ 𝑦௜ − 𝑓 𝑥௜௝ , 𝛼௞
ଶ

¾ Least squares

Euclidean 
distance

= arg max
ఈೖ∈ℝ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

E.g. linear model 
with Gaussian errorsො𝛼௞ = arg max

ఈೖ∈ℝ
ෑ
௜ୀଵ

௡

𝑝 𝑦௜ 𝑥௜௝ , 𝛼௞

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼௞ 𝑦௜ , 𝑥௜௝ , 𝐼 ∝ න
଴

ାஶ

exp −
1
2෍
௜ୀଵ

௡
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝛾௃ଶ 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ d𝛾ଵ …d𝛾ே

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼௞ 𝐼

Rao GD

× exp −
1
2
𝑦௜ − (𝛼଴+𝛼ଵ𝑥௜ଵ + ⋯+𝛼௠ 𝑥௜௠) ଶ

𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ

𝑝mod =ෑ
௜ୀଵ

௡

2𝜋 𝜎௬,௜ଶ + 𝛼ଵଶ𝜎௫,௜ଵଶ + ⋯+ 𝛼௠ଶ 𝜎௫,௜௠ଶ ିଵଶ

ො𝛼௞ = arg max
ఈೖ∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
௜ୀଵ

௡

2𝜋 𝛾௃𝑦௜
ଶ ିଵଶ exp −

1
2

𝑦 − 𝑦௜
𝛾௃𝑦௜

ଶ
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦௜ = 𝜂௜ + 𝜖௬,௜ = 𝑓 𝜉௜௝ , 𝛼௞ + 𝜖௬,௜ 𝜖௬,௜ ∼ 𝒩 0, 𝜎௬,௜ଶ

𝑥௜௝ = 𝜉௜௝ +ถ𝜖௫,௜௝ 𝜖௫,௜௝ ∼ 𝒩 0, 𝜎௫,௜௝ଶ

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = ⁄𝜏E,th 𝜏̂ଵ଼ vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅ଶ = 0.96

𝑦corr,௝ ≡
𝜏E,th

𝛼଴𝑥ଵ
ఈభ …𝑥௝ିଵ

ఈೕషభ𝑥௝ାଵ
ఈೕశభ … 𝑥௠

ఈ೘

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ఋ 𝛼఑ 𝛼ெ RMSE 𝑅ଶ

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼ఋ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼଴ 𝛼ூ 𝛼஻ 𝛼௡ 𝛼௉ 𝛼ோ 𝛼఑ 𝛼ఢ 𝛼ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶଴,ଵ 𝜶଴,ଶ 𝜶ூ 𝜶஻ 𝜶௡ 𝜶௉ 𝜶ோ 𝜶ఋ 𝜶ெ 𝜏̂𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Parameter estimation techniques
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

squares (WLS)IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least

𝑛𝐽 = # points 
from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares (OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

Euclidean 
distance

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

Rao GD

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

ITER parameters used: Ip=15 MA, BT=5.3 T, ne=10.3e19 m-3, R=6.2 m, ε=a/
R=0.32, κ=1.7, δ=0.33, Meff=2.5, Pheat=87 MW 
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Global energy confinement scaling
• Extrapolate plasma performance to new machines

(e.g. ITER)
• Reference for confinement in present experiments
• Boundary condition for numerical models
• Guidance for development of theoretical models
• Global H-Mode Confinement Database (°1989):

¾ Presently under ITPA umbrella
¾ DB4v5: data from 19 tokamaks [1, 2]
¾ Version 3 (DB3, subset DB2v8) for IPB98(y,2) (1998) [3]

𝜏E,th: thermal energy confinement time (s)
𝐼p: plasma current (MA)
𝐵t: on-axis vacuum toroidal magnetic field (T)
ത𝑛e: central line-av. electron density (1019 m−3)
𝑃l,th: thermal loss power (MW)
𝑅: geometric major radius (m)
𝜅 = 𝑏/𝑎: plasma elongation (= ΤArea 𝜋𝑎2 in IPB98 [3])
𝜖: inverse aspect ratio
𝑀eff: effective atomic mass

𝜏E,th = 𝛼0𝐼p
𝛼𝐼𝐵t

𝛼𝐵 ത𝑛e
𝛼𝑛𝑃l,th

𝛼𝑃 𝑅𝛼𝑅𝜅𝛼𝜅𝜖𝛼𝜖𝑀eff
𝛼𝑀

Motivation and goals
• Add data closer to ITER conditions and 

expand parameter range
• Add data from devices with fully metallic walls
• Improve reactor-relevant database coverage 

w.r.t. IPB98(y,2) (high ത𝑛e, low 𝑞95, high 𝛽)

• Reconcile with single-machine scans
(e.g. ത𝑛e, 𝑃l,th) [4, 5]

• Explore new predictor variables:
e.g. triangularity 𝛿 (alternative to Τ𝑞95 𝑞cyl [12]), pedestal 
density, torque, …)

• Explore non-power law models (e.g. two terms)

• Robust regression analysis

Device DB5 STD3 STD5 STD5-
SEL1

STD5-
SEL2

ASDEX 1470 575 575 0 0
AUG-C 1590 755 1384 1377 193
AUG-W 825 0 767 767 69
C-Mod 87 82 82 82 11
COMPASS 43 21 21 21 14
DIII-D 670 502 502 497 64
JET-C 5069 1451 2235 2051 960
JET-ILW 627 0 600 591 363
JFT-2M 795 347 348 256 0
JT60-U 387 100 100 100 0
MAST 47 43 43 0 0
NSTX 252 230 230 0 0
PBXM 264 214 214 214 0
PDX 143 119 119 0 0
START 9 8 8 0 0
T10 12 4 4 0 0
TCV 21 17 17 0 0
TdeV 14 7 7 0 0
TEXTOR 1435 0 0 0 0
TFTR 104 2 2 0 0
TUMAN3M 49 36 36 0 0
Total 𝟏𝟑𝟗𝟏𝟑 𝟒𝟓𝟏𝟑 𝟕𝟐𝟗𝟒 𝟓𝟗𝟓𝟔 𝟏𝟔𝟕𝟒Statistic 𝝉E,th

(s)
𝑰p

(MA) 𝑩t (T) ഥ𝒏e
(𝟏𝟎𝟏𝟗 m−𝟑)

𝑷l,th
(MW)

𝑹
(m) 𝟏 + 𝜹 𝜿 𝝐 𝑴eff

Min. 0.0022
(0.014)

0.12
(0.17)

0.26
(0.94)

1.2
(1.2)

0.075
(0.38)

0.28
(0.67)

1.0
(1.0)

0.92
(0.93)

0.15
(0.15)

1.0
(1.0)

Max. 1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)

1.9
(1.9)

2.6
(2.3)

𝟎. 𝟕𝟖
(0.40)

𝟑. 𝟗
(2.0)

Mean 0.19
(0.15)

1.4
(1.1)

2.1
(2.2)

5.8
(5.5)

7.0
(4.5)

2.1
(1.8)

1.3
(1.2)

1.7
(1.4)

0.32
(0.29)

1.9
(1.8)

Median 𝟎. 𝟏𝟏
(0.054)

𝟏. 𝟎
(0.62)

2.1
(2.2)

𝟓. 𝟏
(4.4)

𝟓. 𝟖
(2.8)

1.7
(1.7)

1.3
(1.2)

1.7
(1.6)

0.31
(0.29)

2.0
(2.0)

Stand. dev. 0.20
(0.20)

0.91
(1.0)

0.73
(0.71)

3.5
(4.9)

5.0
(3.7)

0.71
(0.55)

0.15
(0.19)

0.27
(0.39)

0.091
(0.064)

0.30
(0.30)

Variables ln 𝑰p ln 𝑩t ln ഥ𝒏e ln 𝑷l,th ln 𝑹 ln (𝟏 + 𝜹) ln 𝜿 ln 𝝐 ln 𝑴eff
ln 𝑰p 1 − − − − − − − −

ln 𝑩t
0.41
(0.39) 1 − − − − − − −

ln ഥ𝒏e
0.10
(0.19)

0.28
(0.36) 1 − − − − − −

ln 𝑷l,th
𝟎. 𝟖𝟑
(𝟎. 𝟖𝟓)

0.40
(0.27)

0.25
(0.23) 1 − − − − −

ln 𝑹 𝟎. 𝟔𝟗
(𝟎. 𝟔𝟏)

0.42
(0.01)

−0.32
(−0.49)

𝟎. 𝟔𝟑
(0.58) 1 − − − −

ln (𝟏 + 𝜹) 0.36
(𝟎. 𝟔𝟑)

−0.29
(0.01)

0.17
(0.33)

0.28
(0.59)

−0.02
(0.15) 1 − − −

ln 𝜿 0.60
(𝟎. 𝟕𝟗)

−0.11
(0.03)

0.30
(0.37)

0.55
(𝟎. 𝟕𝟔)

0.12
(0.32)

𝟎. 𝟕𝟑
(𝟎. 𝟖𝟕) 1 − −

ln 𝝐 0.49
(𝟎. 𝟕𝟗)

−0.31
(0.25)

0.08
(0.18)

0.32
(𝟎. 𝟔𝟕)

−0.10
(0.28)

0.52
(0.56)

0.58
(𝟎. 𝟔𝟓) 1 −

ln 𝑴eff
0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)

0.11
(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47) 1

Database update: DB5
• Addition of data from fully metallic devices (2017):
¾ 627 time slices from JET-ILW (ITER-like wall) H-modes [6, 7]
¾ 825 from ASDEX Upgrade (AUG) full W wall [8]

• Improved fast-particle loss estimates (AUG)
• DB5v7: 13913 points from 19 devices
¾ STD5 (H-mode selection criteria [9]): 7294 points
¾ STD5-SEL1 (𝑞95 > 2.8, 1.3 < 𝜅 < 2.2, 𝜖 < 0.5, 𝑍eff < 5): 5956 points
¾ STD5-SEL2 ( 2.8 < 𝑞95 < 3.5 , 1.6 < 𝜅 < 2.0 , 0.28 < 𝜖 < 0.385 ,

𝑍eff < 3): 1674 points

• 200+ variables, added 𝑛e,sep, 𝑛e,SOL, torque (JET, AUG)

} + C-Mod = ‘High-Z’ subset
(metal WALMAT, LIMMAT, DIVMAT)

Histograms for the main scaling variables in STD5, with low-Z (carbon wall
components) vs. high-Z (fully metal-wall devices).

Number of data points
per tokamak in DB5,
the standard set before
the latest update
(STD3), the current
standard set (STD5)
and two ITER-relevant
subsets (ST5-SEL1 and
STD-SEL2).

Summary statistics for the main scaling variables in STD5 (values
in DB2v8 in parentheses).

Pairwise correlation coefficients between the main
scaling variables in STD5 (values in DB2v8 in
parentheses). Correlations above 0.6 are
highlighted (it is noted that the correlation table
provides only a simplified picture of predictor inter-
dependencies).

Confinement enhancement factor
H98(y, 2) = Τ𝜏E,th Ƹ𝜏98 vs. Greenwald fraction
ത𝑛e/𝑛GW for the STD5-SEL1 data set,
highlighting the purely metallic devices.
Overprediction is observed approaching the
Greenwald limit [10, 11, 12].

(b)(a)

Projections of the STD5-SEL1 data set with all scaling variables (including 𝛿), the colors corresponding to (a) devices
and (b) 𝜏E,th. The projections have been obtained by multidimensional scaling based on the Rao geodesic distance
between the data distributions [16].

Linear

Power law
–

Log-linear

Two-term

¾ 𝑦 = 𝛼0 + 𝛼1𝑥1 + ⋯+ 𝛼𝑚𝑥𝑚
¾ 𝑦 = 𝛼0𝑥1

𝛼1 …𝑥𝑚
𝛼𝑚

¾ log 𝑦 = log𝛼0 + 𝛼1 log 𝑥1 + ⋯+ 𝛼𝑚 log 𝑥𝑚
¾ 𝑦 = 𝑓1 𝑥𝑗 , 𝛼𝑘 + 𝑓2 𝑥𝑗 , 𝛽𝑘

Regression methods
• Complications arising in the analysis:
¾ Heterogeneous data from multiple devices and diagnostics
¾ Heterogeneous measurement uncertainties,

log-transformation [13, 14]
¾ Within-device vs. between-device variability
¾ Model uncertainty
¾ Uncertainty in predictor and response variables

(𝜏E,th, 𝑃l,th, 𝜌∗, 𝜈∗, 𝛽, …) [13 – 16]
¾ Predictor variable interdependencies (medium to strong

collinearity)

• Deterministic model component: regression function
𝑦 = 𝑓 𝑥𝑗 , 𝛼𝑘

• Stochastic model component

Parameter estimation techniques

Marginalization over error scale 
factors for each device 𝐽

𝑝 𝛼𝑘 𝑦𝑖 , 𝑥𝑖𝑗 , 𝐼 ∝ න
0

+∞

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝛾𝐽2 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 d𝛾1 …d𝛾𝑁

¾ Robust Bayesian [17, 18]

× 𝑝 𝛼𝑘 𝐼

IPB98(y,2)
weights

𝑤𝑖 = 2 + Τ𝑛𝐽 4 −1
: weighted least squares (WLS)

𝑛𝐽 = # points from device 𝐽

𝑤𝑖 ≡ 1:
ordinary least squares
(OLS)

ො𝛼𝑘 = arg min
𝛼𝑘∈ℝ

෍
𝑖=1

𝑛

𝑤𝑖2 𝑦𝑖 − 𝑓 𝑥𝑖𝑗 , 𝛼𝑘
2

¾ Least squares

= arg max
𝛼𝑘∈ℝ

exp −
1
2෍
𝑖=1

𝑛
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

E.g. linear model 
with Gaussian errorsො𝛼𝑘 = arg max

𝛼𝑘∈ℝ
ෑ
𝑖=1

𝑛

𝑝 𝑦𝑖 𝑥𝑖𝑗 , 𝛼𝑘

¾ Maximum likelihood

× exp −
1
2
𝑦𝑖 − (𝛼0+𝛼1𝑥𝑖1 + ⋯+𝛼𝑚 𝑥𝑖𝑚) 2

𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2

𝑝mod =ෑ
𝑖=1

𝑛

2𝜋 𝜎𝑦,𝑖2 + 𝛼12𝜎𝑥,𝑖12 + ⋯+ 𝛼𝑚2 𝜎𝑥,𝑖𝑚2 −12

ො𝛼𝑘 = arg max
𝛼𝑘∈ℝ

GD 𝑝mod, 𝑝obs 𝑝obs =ෑ
𝑖=1

𝑛

2𝜋 𝛾𝐽𝑦𝑖
2 −12 exp −

1
2

𝑦 − 𝑦𝑖
𝛾𝐽𝑦𝑖

2
¾ Geodesic least squares (GLS) [14, 16]

Uncertainty in predictor 
variables

𝑦𝑖 = 𝜂𝑖 + 𝜖𝑦,𝑖 = 𝑓 𝜉𝑖𝑗 , 𝛼𝑘 + 𝜖𝑦,𝑖 𝜖𝑦,𝑖 ∼ 𝒩 0, 𝜎𝑦,𝑖2

𝑥𝑖𝑗 = 𝜉𝑖𝑗 +ถ𝜖𝑥,𝑖𝑗 𝜖𝑥,𝑖𝑗 ∼ 𝒩 0, 𝜎𝑥,𝑖𝑗2

Regression analysis

Trend 𝑀eff WLS
Trends GLS

¾ Scaling with 𝐼p similar for ITER-like devices
(C-Mod, DIII-D and JET), except AUG,
but weaker for other machines

¾ 𝐵t dependence weak in ITER-like devices, 
slightly negative in AUG [8]

¾ Scaling with ത𝑛e weak in ITER-like devices, 
slightly positive in JET-C. Stronger dependence 
in smaller or more circular devices [19]

¾ Power degradation weakest in ITER-like devices

Single-device analysis (OLS)

W.r.t. IPB98(y,2) (ELMy):
¾ Stronger dependence on 𝐼p, weaker on 𝐵t
¾ Weaker dependence on ത𝑛e and 𝑅
¾ No dependence on 𝜖 (but different 𝜅 definition [3])
¾ ITER predictions up to 25% lower

STD5 (ELMy + ELM-free)

STD5-SEL1

STD5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinement enhancement
factor H18 = Τ𝜏E,th Ƹ𝜏18 vs.
Greenwald fraction for STD5-
SEL1 (GLS).

STD5-SEL2 separate offset for JET-ILW (shape: 𝛿)

W.r.t. STD5: shape dependence varies

Moderate dependence on 𝛿

OLS: RMSE = 0.18, 𝑅2 = 0.96

𝑦corr,𝑗 ≡
𝜏E,th

𝛼0𝑥1
𝛼1 …𝑥𝑗−1

𝛼𝑗−1𝑥𝑗+1
𝛼𝑗+1 … 𝑥𝑚

𝛼𝑚

95% confidence 
intervals

Considerable 
uncertainty

Strongest power degradation 
and isotope effect

Caveat:
preliminary

Device 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝛿 𝛼𝜅 𝛼𝑀 RMSE 𝑅2

ASDEX 0.69 0.13 0.68 −0.65 − − 0.78 0.17 0.71±0.11 ±0.16 ±0.08 ±0.05 ±0.12

AUG-C 1.5 −0.26 0.033 −0.66 − − − 0.17 0.73±0.07 ±0.08 ±0.037 ±0.03

AUG-W 1.6 −0.30 0.055 −0.53 − − − 0.11 0.89±0.07 ±0.09 ±0.057 ±0.03
Alcator
C-Mod

1.1 − 0.10 −0.60 − − − 0.10 0.79±0.2 ±0.18 ±0.15

DIII-D 1.1 0.080 0.10 −0.67 0.70 − 0.45 0.20 0.80±0.09 ±0.11 ±0.06 ±0.04 ±0.16 ±0.11

JET-C 1.1 0.16 0.31 −0.76 − 1.2 0.053 0.16 0.89±0.04 ±0.04 ±0.02 ±0.02 ±0.2 ±0.044

JET-ILW 1.1 −0.16 0.072 −0.57 − − 0.40 0.11 0.86±0.1 ±0.08 ±0.057 ±0.03 ±0.05

JFT-2M 0.99 − 0.38 −0.86 − − 0.11 0.10 0.93±0.08 ±0.08 ±0.04 ±0.06

JT60-U 0.78 0.47 −0.18 −0.35 − − − 0.14 0.83±0.29 ±0.38 ±0.17 ±0.13

MAST 1.1 − 0.17 −0.86 − − − 0.12 0.60±0.9 ±0.30 ±0.31

NSTX 0.29 1.2 0.58 −0.84 − 0.81 − 0.14 0.74±0.14 ±0.2 ±0.15 ±0.08 ±0.35

PBX-M 0.61 − −0.073 −0.56 − − − 0.12 0.72±0.31 ±0.086 ±0.07

PDX 0.62 0.63 0.62 −1.1 − − − 0.18 0.68±0.32 ±0.32 ±0.16 ±0.15

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.049 1.1 0.085 0.19 −0.71 1.5 0.80 −0.043 0.25 2.7
±0.002 ±0.02 ±0.020 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

WLS 0.040 0.99 0.11 0.29 −0.64 1.7 0.79 0.093 0.25 2.9
±0.002 ±0.03 ±0.02 ±0.02 ±0.01 ±0.04 ±0.04 ±0.046 ±0.03 ±0.1

GLS 0.042 1.2 0.068 0.21 −0.78 1.6 0.88 −0.052 0.47 2.7
±0.003 ±0.02 ±0.016 ±0.01 ±0.01 ±0.03 ±0.06 ±0.027 ±0.07 ±0.03

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.045 1.3 −0.10 0.13 −0.71 1.2 1.1 −0.32 0.24 2.6
±0.005 ±0.03 ±0.04 ±0.02 ±0.01 ±0.06 ±0.1 ±0.05 ±0.04 ±0.1

WLS 0.030 1.3 −0.069 0.19 −0.64 1.3 1.3 −0.46 0.094 3.0
±0.005 ±0.04 ±0.056 ±0.05 ±0.03 ±0.1 ±0.2 ±0.08 ±0.055 ±0.2

GLS 0.023 1.3 −0.018 0.17 −0.79 1.5 1.9 −0.38 0.33 2.5
±0.007 ±0.04 ±0.067 ±0.03 ±0.02 ±0.1 ±0.4 ±0.08 ±0.13 ±0.1

Method 𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝛿 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.036 1.3 −0.07 0.12 −0.70 1.3 0.63 1.1 −0.34 0.27 2.6
±0.003 ±0.03 ±0.03 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.05 ±0.03 ±0.1

WLS 0.021 1.3 −0.055 0.20 −0.65 1.3 0.78 1.3 −0.49 0.10 3.1
±0.002 ±0.03 ±0.029 ±0.02 ±0.01 ±0.1 ±0.06 ±0.1 ±0.04 ±0.03 ±0.1

GLS 0.020 1.3 −0.03 0.14 −0.76 1.4 0.72 1.7 −0.42 0.41 2.6
±0.005 ±0.04 ±0.04 ±0.02 ±0.01 ±0.1 ±0.05 ±0.3 ±0.07 ±0.07 ±0.1

𝛼0 𝛼𝐼 𝛼𝐵 𝛼𝑛 𝛼𝑃 𝛼𝑅 𝛼𝜅 𝛼𝜖 𝛼𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)
IPB98(y,2) 0.0562 0.93 0.15 0.41 −0.69 1.97 0.78 0.58 0.19 3.62

Method 𝜶0,1 𝜶0,2 𝜶𝐼 𝜶𝐵 𝜶𝑛 𝜶𝑃 𝜶𝑅 𝜶𝛿 𝜶𝑀 Ƹ𝜏𝐈𝐓𝐄𝐑 (s)

OLS 0.081 0.065 1.3 −0.079 0.21 −0.69 1.5 0.24 0.18 3.3
±0.005 ±0.004 ±0.06 ±0.076 ±0.03 ±0.03 ±0.1 ±0.11 ±0.08 ±0.1

GLS 0.074 0.061 1.3 −0.089 0.24 −0.75 1.6 0.23 0.29 3.4
±0.005 ±0.004 ±0.07 ±0.097 ±0.05 ±0.03 ±0.1 ±0.15 ±0.17 ±0.2

Conclusions and outlook
• Ongoing revision and analysis of global H-mode confinement database
• Recently added data from devices with fully metallic walls (more devices might contribute)
• Single-device scalings vary considerably between machines, ITER-like devices more favorable
• Comparison with IPB98(y,2) reveals some differences (subject to further analysis):
¾ Generally weaker dependence on toroidal field and density
¾ Noticeable influence of plasma triangularity on confinement

• Future analysis to focus on data and variable selection, model comparison, treatment of data
subsets (e.g. weighting) and robustness, scaling with dimensionless variables

Device DB5 STD3 STD5 STD5-
SEL1 

STD5-
SEL2 

ASDEX 1470 575 575 0 0 

AUG-C 1590 755 1384 1377 193 

AUG-W 825 0 767 767 69 
C-Mod 87 82 82 82 11 
COMPASS 43 21 21 21 14 
DIII-D 670 502 502 497 64 

JET-C 5069 1451 2235 2051 960 

JET-ILW 627 0 600 591 363 
JFT-2M 795 347 348 256 0 
JT60-U 387 100 100 100 0 
MAST 47 43 43 0 0 
NSTX 252 230 230 0 0 
PBXM 264 214 214 214 0 
PDX 143 119 119 0 0 
START 9 8 8 0 0 
T10 12 4 4 0 0 
TCV 21 17 17 0 0 
TdeV 14 7 7 0 0 

TEXTOR 1435 0 0 0 0 

TFTR 104 2 2 0 0 
TUMAN3M 49 36 36 0 0 

Total 12312 4512 6734 5358 1864 

Variables ln Ip ln BT ln ne
ln 

PL,th 
ln D 

ln 
(1+E) 

ln F ln G 
ln 

Meff
 

ln Ip 1 − − − − − − − − 

=n BT 
0.41 

(0.39) 
1 − − − − − − − 

ln ne
0.10 

(0.19) 

0.28 
(0.36) 

1 − − − − − − 

l> PL,th ?.@2  
(?.@5) 

0.40 
(0.27) 

0.25 
(0.23) 

1 − − − − − 

ln D  
?.83  

(?.81) 

0.42 
(0.01) 

−0.32 
(−0.49) 

?.82  
(0.58) 

1 − − − − 

ln 
(1+E)  

0.36 
(?.82) 

−0.29 
(0.01) 

0.17 
(0.33) 

0.28 
(0.59) 

−0.02 
(0.15) 

1 − − − 

ln F  
0.60 

(?.63) 

−0.11 
(0.03) 

0.30 
(0.37) 

0.55 
(?.68) 

0.12 
(0.32) 

?.62  
(?.@6) 

1 − − 

ln G  
0.49 

(?.63) 

−0.31 
(0.25) 

0.08 
(0.18) 

0.32 
(?.86) 

−0.10 
(0.28) 

0.52 
(0.56) 

0.58 
(?.85) 

1 − 

ln
Meff

0.42 
(0.59) 

0.21 
(0.26) 

0.26 
(0.27) 

0.34 
(0.57) 

0.11 
(0.26) 

0.16 
(0.33) 

0.37 
(0.51) 

0.30 
(0.47) 

1 

Statistic τE,th (s) IP 
(MA) BT (T) 

ne 
(1019 
m-3) 

PL,th 
(MW) 

D
(m) 1+E F G Meff 

Min. 0.0022 
(0.014) 

0.12 
(0.17) 

0.26 
(0.94) 

1.2 
(1.2) 

0.075 
(0.38) 

0.28 
(0.67) 

1.0 
(1.0) 

0.92 
(0.93) 

0.15 
(0.15) 

1.0 
(1.0) 

Max. 1.3 
(1.3) 

5.1 
(5.1) 

6.1 
(5.8) 

43 
(43) 

22 
(21) 

3.4 
(3.4) 

1.9 
(1.9) 

2.6 
(2.3) 

?.6@ 
(0.40) 

2.3 
(2.0) 

Mean 0.19 
(0.15) 

1.4 
(1.1) 

2.1 
(2.2) 

5.8 
(5.5) 

7.0 
(4.5) 

2.1 
(1.8) 

1.3 
(1.2) 

1.7 
(1.4) 

0.32 
(0.29) 

1.9 
(1.8) 

Median ?.11 
(0.054) 

1.? 
(0.62) 

2.1 
(2.2) 

5.1 
(4.4) 

5.@ 
(2.8) 

1.7 
(1.7) 

1.3 
(1.2) 

1.7 
(1.6) 

0.31 
(0.29) 

2.0 
(2.0) 

Stand. dev. 0.20 
(0.20) 

0.91 
(1.0) 

0.73 
(0.71) 

3.5 
(4.9) 

5.0 
(3.7) 

0.71 
(0.55) 

0.15 
(0.19) 

0.27 
(0.39) 

0.091 
(0.064) 

0.30 
(0.30) 



Summary and future steps 
• DB updated with high-Z wall data, additional variables 
• Single devices scalings reveal trends represented in 98y2 

•  ITER-like devices show more favorable trends 
• Scaling with updated DB 

•  Weaker dependence on toroidal field and density 
•  Noticeable influence of triangularity on confinement 
•  Further subsets (ELMy, no ELM, GELM, SELM, no PBXM) reflect 

“variations on the theme” 
•  Include additional data (some in ITER-relevant regimes) 

•  DIII-D, C-Mod, EAST, Globus-M 
•  Further analysis to focus on data and variable selection, 

model comparison, treatment of data subsets (weighting) 
• Dimensionless scalings 
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