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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust regression analysis
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C-M
od
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CO

M
PASS
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21
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14
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JET-C

5069
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2051
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JET-ILW

627
0
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JFT-2M
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0
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100

100
100

0
M

AST
47

43
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0
0

NSTX
252
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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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
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prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
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SE
𝑅
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±
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−
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±
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±
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±
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±
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±
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±
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JET-C
1.1
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−
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±
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±
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±
0.02

±
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±
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±
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−
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±
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−
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±
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±
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±
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±
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±
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O
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1.3

−
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−
0.70

1.3
0.63

1.1
−
0.34
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±
0.003

±
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±
0.03

±
0.02

±
0.01

±
0.1

±
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±
0.1

±
0.05

±
0.03

±
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W
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0.021
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−
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−
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1.3
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−
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±
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±
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±
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±
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±
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±
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±
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±
0.1

±
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±
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±
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G
LS

0.020
1.3

−
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−
0.76
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0.72
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−
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0.41
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±
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±
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±
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±
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±
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±
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±
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𝛼
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−
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1.97
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𝐼
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O
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±
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±
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±
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Conclusions and outlook
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O
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and
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ofglobalH
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ode
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•
R
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w
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m
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w
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(m
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devices
m
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•

S
ingle-device

scalings
vary
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m

achines,ITE
R

-like
devices

m
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favorable
•

C
om

parison
w

ith
IP
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e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
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focus
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data
and

variable
selection,

m
odel

com
parison,

treatm
ent
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data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables
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lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B
2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B

3,subsetD
B

2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B

5v7:13913
points

from
19

devices
¾

STD5
(H

-m
ode

selection
criteria

[9]):7294
points

¾
STD5-SEL1

(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B
98(y,2)reveals

som
e

differences
(subjectto

furtheranalysis):
¾

G
enerally

w
eakerdependence

on
toroidalfield

and
density

¾
N

oticeable
influence

ofplasm
a

triangularity
on

confinem
ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

}
+ C-M

od = ‘High-Z’ subset
(m

etal W
ALM

AT, LIM
M

AT, DIVM
AT)

Histogram
s for the m

ain scaling variables in STD5, 
with low-Z (carbon wall com

ponents) vs. high-Z (fully 
m

etal-wall devices).
Num

ber 
of 

data 
points 

per 
tokam

ak 
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).

Sum
m

ary statistics for the m
ain scaling variables in STD5 (values 

in DB2v8 in parentheses).
Pairwise correlation coefficients between the m

ain scaling 
variables 

in 
STD

5 
(values 

in 
D

B2v8 
in 

parentheses). 
Correlations above 

 are highlighted (it is noted that the 
correlation table provides only a sim

plified picture of predictor 
inter-dependencies).

R
egression m

ethods 
• 

C
om

plications arising in the analysis: 
Ø
 H

eterogeneous data from
 m

ultiple devices and diagnostics 
Ø
 H

eterogeneous m
easurem

ent uncertainties, 
log-transform

ation [13, 14] 
Ø
 W

ithin-device vs. betw
een-device variability 

Ø
 M

odel uncertainty 
Ø
 U

ncertainty in predictor and response variables 
 ("↓E,th , (↓l,th , *↑∗ , ,↑∗ , -

, …
) [13 – 16] 

Ø
 P

redictor 
variable 

interdependencies 
(m

edium
 

to 
strong 

collinearity) 

• 
D

eterm
inistic m

odel com
ponent: regression function 

.=/({2↓3 },{5↓6 })  

   • 
S

tochastic m
odel com

ponent 
 

M
otivation and goals 

• 
A

dd data closer to ITE
R

 conditions and 
expand param

eter range 
• 

A
dd data from

 devices w
ith fully m

etallic w
alls 

• 
Im

prove reactor-relevant database coverage 
w

.r.t. IP
B

98(y,2) (high 8 ↓e , low
 :↓95 , high -

) 
(high n

e , low q
95 , high β)

D
atabase update: D

B
5 

• 
A

ddition of data from
 fully m

etallic devices (2017): 
Ø
 627 tim

e slices from
 JE

T-ILW
 (ITE

R
-like w

all) H
-m

odes [6, 7] 
Ø
 825 from

 A
S

D
E

X
 U

pgrade (A
U

G
) full W

 w
all [8] 

• 
Im

proved fast-particle loss estim
ates (A

U
G

) 
• 

D
B

5v7: 13913 points from
 19 devices 

Ø
 S

TD
5 (H

-m
ode selection criteria [9]): 7294 points 

Ø
 S

TD
5-S

E
L1 (:↓95 >2.8, 1.3<;<2.2, <<0.5, =↓eff <5): 5956 points 

Ø
 S

TD
5-S

E
L2 (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 (JE
T, A

U
G

) 
n

e,sep , n
e,SO

L , torque (JET, AUG
)

(q
95 >2.8, 1.3<κ<2.2, ε<0.5, Z

eff <5: 5956 points)

Z
eff <3): 1674 points)

(2.8<q
95 <3.5, 1.6<κ<2.0, 0.28<ε<0.385

(τ
E,th , P

l,th , ρ
* , ν

* , β, �
)     [13-16]

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B
2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B
2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

−
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−

−
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±
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±
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±
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−
1.1

−
−

−
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0.68
±
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±
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±
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±
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±
0.02

±
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±
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±
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±
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±
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±
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±
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±
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±
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±
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W
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±
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±
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±
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±
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±
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±
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±
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±
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±
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±
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G
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−
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−
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−
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±
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±
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±
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±
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±
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±
0.1

±
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±
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±
0.13

±
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𝛼
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𝛼
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O
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−
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−
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±
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±
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±
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±
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−
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±
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±
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±
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±
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±
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±
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±
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±
0.1

±
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±
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±
0.1

G
LS

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

±
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±
0.01

±
0.1

±
0.05

±
0.3

±
0.07

±
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±
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𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

0.081
0.065

1.3
−
0.079

0.21
−
0.69

1.5
0.24

0.18
3.3

±
0.005

±
0.004

±
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±
0.076

±
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±
0.03

±
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±
0.11

±
0.08

±
0.1

G
LS

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
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ightcontribute)
•
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¾
G
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w

eakerdependence
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•
Future
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treatm
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data
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w
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variables
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resently
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D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
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eff
𝛼
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M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust regression analysis

Device
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0
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𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

1.3
(1.3)

5.1
(5.1)

6.1
(5.8)

43
(43)

𝟑𝟑
(21)

3.4
(3.4)
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M
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(0.19)
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(0.39)
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(0.064)
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(0.30)
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𝑩
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−
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−
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𝑩
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−

−
−

−
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−
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−
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1

−
−
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𝜿
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−
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(0.37)
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(𝟎.𝟔𝟕)
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(0.28)
0.52
(0.56)
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1
−
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𝑴
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(0.59)
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(0.26)
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(0.27)
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•
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U
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¾
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1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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al energy confinem
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)
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agnetic field (T)
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3)

𝑃l,th : therm
al loss pow
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er law
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−
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w
all[8]

•
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-m

ode
selection
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¾
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(𝑞
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>
2.8,1.3

<
𝜅
<
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<
0.5,𝑍eff <

5):5956
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¾
STD5-SEL2
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<
𝑞
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𝜅
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𝜖
<
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•
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U
G
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-M
od = ‘H
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A
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M
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M
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Histogram
s

for
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m
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scaling
variables

in
STD5,
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low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak
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DB5,

the
standard

setbefore
the

latest
update

(STD3),
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current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
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variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E
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∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
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𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
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𝛼
𝑘

2
¾
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=
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m
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𝛼
𝑘 ∈ℝ

exp
−
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𝑦
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𝛼
1 𝑥
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+
⋯
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𝑥
𝑖𝑚
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2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
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−
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𝑦
𝑖 −
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𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
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𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
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𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
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=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
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𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
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B4v5:data
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19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B
2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust regression analysis

Device
DB5

STD3
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STD5-
SEL1

STD5-
SEL2

ASDEX
1470
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0
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1590
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1384
1377
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AUG

-W
825

0
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C-M
od
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11
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M
PASS
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21
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14
DIII-D

670
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497

64
JET-C

5069
1451

2235
2051

960
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0
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591

363
JFT-2M
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347
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0
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387
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0
M
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7
7

0
0

TEXTO
R

1435
0

0
0

0
TFTR
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2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B

3,subsetD
B

2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B

5v7:13913
points

from
19

devices
¾

STD5
(H

-m
ode

selection
criteria

[9]):7294
points

¾
STD5-SEL1

(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

±
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−
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−
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±
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±
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±
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±
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±
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±
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−
0.38

0.33
2.5

±
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±
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±
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±
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±
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±
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−
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±
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±
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±
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±
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−
0.055

0.20
−
0.65

1.3
0.78

1.3
−
0.49

0.10
3.1

±
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±
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±
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±
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±
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±
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±
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±
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±
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±
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±
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G
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0.020
1.3

−
0.03
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−
0.76

1.4
0.72

1.7
−
0.42

0.41
2.6

±
0.005

±
0.04

±
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±
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±
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±
0.1

±
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±
0.3

±
0.07

±
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±
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𝛼
0

𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
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𝛼
𝜖

𝛼
𝑀
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(s)

IPB98(y,2)
0.0562

0.93
0.15

0.41
−
0.69

1.97
0.78

0.58
0.19

3.62

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
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0.081
0.065

1.3
−
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0.21
−
0.69

1.5
0.24

0.18
3.3

±
0.005

±
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±
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±
0.076

±
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±
0.03

±
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±
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±
0.08

±
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G
LS

0.074
0.061

1.3
−
0.089
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−
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1.6
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±
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±
0.004

±
0.07

±
0.097

±
0.05

±
0.03

±
0.1

±
0.15

±
0.17

±
0.2

Conclusions and outlook
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•
R
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devices
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m
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w
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(m
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devices
m
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•

S
ingle-device

scalings
vary
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m

achines,ITE
R

-like
devices
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favorable
•

C
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w
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IP
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differences
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¾

G
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w
eakerdependence

on
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and
density

¾
N
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influence

ofplasm
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triangularity
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confinem
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•
Future

analysis
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focus
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data
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variable
selection,

m
odel

com
parison,

treatm
ent
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data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
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atabase
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¾
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resently
underITPA

um
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¾
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B
4v5:data

from
19

tokam
aks

[1,2]
¾

V
ersion

3
(D

B
3,subsetD

B
2v8)forIP

B
98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅

: geom
etric m

ajor radius (m
)

𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust regression analysis
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0
0
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𝟒𝟓𝟏𝟑
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𝝉E

,th
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(M
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𝑩
t (T)
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m
−
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𝑷
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(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)
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(0.93)

0.15
(0.15)

1.0
(1.0)

M
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(1.3)

5.1
(5.1)
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43
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𝑩
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𝑴
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−

−
−

−
−
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−

−
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𝑩
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1
−

−
−

−
−

−
−
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1
−

−
−

−
−

−
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1
−

−
−

−
−
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1
−

−
−

−
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(𝟎.𝟔𝟑)

−
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(0.01)
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(0.33)

0.28
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−
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(0.15)
1

−
−

−

ln
𝜿

0.60
(𝟎.𝟕𝟗)

−
0.11

(0.03)
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(0.37)

0.55
(𝟎.𝟕𝟔)

0.12
(0.32)

𝟎.𝟕𝟑
(𝟎.𝟖𝟕)
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−

−
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𝝐
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(𝟎.𝟕𝟗)

−
0.31

(0.25)
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(0.18)

0.32
(𝟎.𝟔𝟕)

−
0.10

(0.28)
0.52
(0.56)

0.58
(𝟎.𝟔𝟓)

1
−

ln
𝑴
eff

0.42
(0.59)

0.21
(0.26)

0.26
(0.27)

0.34
(0.57)
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(0.26)

0.16
(0.33)

0.37
(0.51)

0.30
(0.47)
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JE

T-ILW
(ITE

R
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¾
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A
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E
X

U
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U

G
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w
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•
Im
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U
G

)
•

D
B
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points
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¾
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¾
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>
2.8,1.3

<
𝜅
<
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<
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5):5956
points

¾
STD5-SEL2

(
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<
𝑞
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<
3.5

,
1.6

<
𝜅
<
2.0

,
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<
𝜖
<
0.385

,
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3):1674
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•
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U
G

)

}
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-M
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A
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M
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M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

squares (W
LS

)
IPB98(y,2)

w
eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted least

𝑛
𝐽
=

# points 
from

 device 𝐽

𝑤
𝑖 ≡

1:
ordinary least squares (O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

Euclidean 
distance

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼

R
ao G

D

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B
98(y,2)reveals

som
e

differences
(subjectto

furtheranalysis):
¾

G
enerally

w
eakerdependence

on
toroidalfield

and
density

¾
N

oticeable
influence

ofplasm
a

triangularity
on

confinem
ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

Param
eter estim

ation techniques

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

Extrapolate
plasm

a
perform

ance
to

new
m

achines
(e.g.ITER

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
Boundary

condition
fornum

ericalm
odels

•
G

uidance
fordevelopm

entoftheoreticalm
odels

•
G

lobalH
-M

ode
C

onfinem
entD

atabase
(°1989):

¾
Presently

underITPA
um

brella
¾

D
B4v5:data

from
19

tokam
aks

[1,2]
¾

Version
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A)

𝐵t : on-axis vacuum
 toroidal m

agnetic field (T)
ത𝑛e : central line-av. electron density (10

19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IPB98 [3])

𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
Add data closer to ITER

 conditions and 
expand param

eter range
•

Add data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IPB98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
Explore new

 predictor variables:
e.g. triangularity 𝛿

(alternative to 
Τ

𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

Explore non-pow
er law

 m
odels (e.g. tw

o term
s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
ofdata

from
fully

m
etallic

devices
(2017):

¾
627

tim
e

slices
from

JET-ILW
(ITER

-like
w

all)H
-m

odes
[6,7]

¾
825

from
ASD

EX
U

pgrade
(AU

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(AU

G
)

•
D

B5v7:13913
points

from
19

devices
¾

STD5
(H

-m
ode

selection
criteria

[9]):7294
points

¾
STD5-SEL1

(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
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,AU
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
ALM

AT, LIM
M

AT, D
IVM

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

Pow
er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
Predictor

variable
interdependencies

(m
edium

to
strong

collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
Stochastic m

odel com
ponent

Param
eter estim

ation techniques

squares (W
LS

)
IPB98(y,2)

w
eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted least

𝑛
𝐽
=

# points 
from

 device 𝐽

𝑤
𝑖 ≡

1:
ordinary least squares (O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

Euclidean 
distance

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼

R
ao G

D

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
Scaling w

ith 𝐼p
sim

ilar for ITER
-like devices

(C
-M

od, D
III-D

 and JET), except AU
G

,
but w

eaker for other m
achines

¾
𝐵t dependence w

eak in ITER
-like devices, 

slightly negative in AU
G

 [8]
¾

Scaling w
ith ത𝑛e

w
eak in ITER

-like devices, 
slightly positive in JET-C

. Stronger dependence 
in sm

alleror m
ore circular devices [19]

¾
Pow

er degradation w
eakest in ITER

-like devices

Single-device analysis (O
LS)

W
.r.t. IPB98(y,2) (ELM

y):
¾

Stronger dependence on 𝐼p , w
eaker on 𝐵t

¾
W

eaker dependence on ത𝑛e
and 𝑅

¾
N

o dependence on 𝜖
(but different 𝜅

definition [3])
¾

ITER
 predictions up to 25%

 low
er

STD
5 (ELM

y
+ ELM

-free)

STD
5-SEL1

STD
5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

STD
5-SEL2 separate offset for JET-ILW

 (shape: 𝛿)

W
.r.t. STD

5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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
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0.78

0.47
−
0.18

−
0.35

−
−

−
0.14

0.83
±
0.29

±
0.38

±
0.17

±
0.13

M
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1.1
−
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−
0.86

−
−

−
0.12

0.60
±
0.9

±
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±
0.31

NSTX
0.29

1.2
0.58

−
0.84

−
0.81

−
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±
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±
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±
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±
0.08

±
0.35
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0.61

−
−
0.073

−
0.56

−
−

−
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0.72
±
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±
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±
0.07

PDX
0.62
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−
1.1

−
−

−
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±
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±
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±
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±
0.15
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O
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−
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±
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±
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±
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±
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±
0.01
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±
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±
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W
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0.093
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±
0.002

±
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±
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±
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±
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±
0.04

±
0.04

±
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±
0.03

±
0.1

G
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0.042
1.2
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0.21

−
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1.6
0.88

−
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0.47
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±
0.003

±
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±
0.016

±
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±
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±
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±
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±
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±
0.07

±
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O
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−
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−
0.71

1.2
1.1

−
0.32

0.24
2.6

±
0.005

±
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±
0.04

±
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±
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±
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±
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±
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±
0.04

±
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W
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1.3

−
0.069
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−
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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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

0.036
1.3

−
0.07
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−
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

±
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±
0.1

±
0.05

±
0.03

±
0.1

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

Single-device
scalings

vary
considerably

betw
een

m
achines,ITER

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IPB98(y,2)reveals

som
e

differences
(subjectto

furtheranalysis):
¾

G
enerally

w
eakerdependence

on
toroidalfield

and
density

¾
N

oticeable
influence

ofplasm
a

triangularity
on

confinem
ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database

G
. V

erdoolaege
1,2, S

.M
. K

aye
3, C

. A
ngioni 4, O

.J.W
.F. K

ardaun
4, M

. M
aslov

5, M
. R

om
anelli 5, F. R

yter 4, K
. Thom

sen
4,

the A
S

D
E

X
 U

pgrade Team
*, the E

U
R

O
fusion

M
S

T1 Team
†and JE

T C
ontributors

‡

1Departm
ent of Applied Physics, G

hent University, G
hent, Belgium

2Laboratory for Plasm
a Physics, Royal M

ilitary Academ
y, Brussels, Belgium

3Princeton Plasm
a Physics Laboratory, Princeton, NJ, USA

4M
ax Planck Institute for Plasm

a Physics, G
arching, G

erm
any

5UKAEA, Culham
Science Centre, Abingdon, UK

* See the author list of “A
. Kallenbach

et al. Nuclear Fusion 57
(2017) 102015”.

†
S

ee the author list of “H
. M

eyer et al., Nucl. Fusion 57
(2017), 102014”.

‡
S

ee the author list of “X
. Litaudon

et al., Nucl. Fusion 57
(2017), 102001”.

10.
N

U
N

ES,I.etal.,Plasm
a

Phys.C
ontrol.Fusion

58
1

(2016),014034
(10

pp.)
11.

SC
H

W
EIN

ZER
,J.,N

ucl.Fusion
51

11
(2011),113003

(7
pp.)

12.
KAR

D
AU

N
,O

.J.W
.F.etal.,Proc.21

stIAEA
Fusion

Energy
C

onf.(C
hengdu,PR

C
),IT/P1-10

(2006).
13.

M
C

D
O

N
ALD

,D
.C

.etal.,Plasm
a

Phys.C
ontrol.Fusion

48
5A

(2006),A439–A447
14.

VER
D

O
O

LAEG
E,G

.etal.,N
ucl.Fusion

55
11

(2015),113019
(19

pp.)
15.

C
O

R
D

EY,J.G
.etal.,N

ucl.Fusion
45

9
(2005),1078–1084

16.
VER

D
O

O
LAEG

E,G
.,Entropy

17
7

(2015),4602–4626
17.

PR
EU

SS,R
.etal.,AIP

C
onf.Proc.803

(2005)448–455
18.

VO
N

TO
U

SSAIN
T,U

.,Entropy
17

6
(2015),3898–3912

19.
KAYE,S.M

.etal.,APS
D

ivision
ofPlasm

a
Physics,60

thAnnualM
eeting

(Portland,O
R

,U
SA,2018)

References
1.

International G
lobal H

-M
ode C

onfinem
ent D

atabase
(2009), http://efdasql.ipp.m

pg.de/H
m

odePublic
2.

KAR
D

AU
N

, O
.J.W

.F., IPP
-R

eport 2017-05 (2017)
3.

ITER
 Physics Basis: C

hapter 2, N
ucl. Fusion

39
12 (1999) 2175–2249

4.
C

H
ALLIS, C

.D
. et al., N

ucl. Fusion 55
5 (2015), 053031 (18 pp.)

5.
R

YTER
, F. et al., N

ucl. Fusion 41
5 (2001), 537–550

6.
M

ASLO
V

, M
. et al., Proc. 45

thEPS C
onf. on Plasm

a Physics (Prague, C
zech R

epublic), EC
A, Vol. 42A, 

P5.1064 (2018)
7.

M
ASLO

V
, M

. et al., N
ucl. Fusion, in preparation

8.
R

YTER
, F. et al., N

ucl. Fusion, in preparation
9.

M
C

D
O

N
ALD

, D
.C

. et al., N
ucl. Fusion 47

3 (2007), 147–174

Acknow
ledgem

ents
The

contributors
to

the
InternationalH

-M
ode

C
onfinem

entPublic
D

om
ain

D
atabase

are
acknow

ledged:

This
w

ork
w

as
conducted

underthe
auspices

ofthe
ITPA

TopicalG
roup

on
Transportand

C
onfinem

ent.The
view

s
and

opinions
expressed

in
this

w
ork

do
notnecessarily

reflectthose
ofthe

ITER
O

rganization.
The

research
w

as
also

partly
supported

by
U

.S.D
O

E
C

ontractD
E-AC

02-09C
H

11466.

Japan
Atom

ic
Energy

Agency,N
aka,Japan

(JT-60U
,JFT-2M

)
Kurchatov

Institute,M
oscow

,R
ussia

(T-10)
M

ax
Planck

Institute
forPlasm

a
Physics,G

arching,G
erm

any
(ASD

EX
,ASD

EX
U

pgrade)
Plasm

a
Science

and
Fusion

C
enter,M

IT,C
am

bridge,M
A,U

SA
(AlcatorC

-M
od)

Princeton
Plasm

a
Physics

Laboratory,Princeton,N
J,U

SA
(N

STX
,PD

X
,PBX

-M
,TFTR

)

C
ulham

C
entre

forFusion
Energy,Abingdon,U

K
(C

O
M

PASS,JET,M
AST,STAR

T)
Ecole

Polytechnique
Fédérale

de
Lausanne,Lausanne,Sw

itzerland
(TC

V)
G

eneralAtom
ics,San

D
iego,C

A,U
SA

(D
III-D

)
H

ydro-Q
uébec

–
C

entre
C

anadien
de

Fusion
M

agnétique,Varennes,C
anada

(TdeV)
Ioffe

Institute,St.Petersburg,R
ussia

(TU
M

AN
-3M

)

G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust regression analysis

Device
DB5

STD3
STD5

STD5-
SEL1

STD5-
SEL2

ASDEX
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575
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0
0

AUG
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1590
755

1384
1377
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-W
825

0
767

767
69

C-M
od

87
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82
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11
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M
PASS

43
21

21
21

14
DIII-D

670
502

502
497

64
JET-C

5069
1451

2235
2051

960
JET-ILW
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0

600
591

363
JFT-2M

795
347

348
256

0
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100
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0
M
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230
230

0
0

PBXM
264

214
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7
7

0
0
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0
0

0
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2

2
0

0
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AN3M
49
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36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
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1.4
(1.1)
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(2.2)
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(5.5)
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(4.5)
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(1.8)
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(1.2)
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(0.29)
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M
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(0.62)
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(1.7)
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(1.2)
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(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)
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(0.55)
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(0.19)

0.27
(0.39)
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(0.30)
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𝑴
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−
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𝑩
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−
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−
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−
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−

−
−
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1
−

−
−

−
−
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𝑹

𝟎.𝟔𝟗
(𝟎.𝟔𝟏)
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(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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

squares (W
LS

)
IPB98(y,2)

w
eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted least

𝑛
𝐽
=

# points 
from

 device 𝐽

𝑤
𝑖 ≡

1:
ordinary least squares (O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

Euclidean 
distance

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼

R
ao G

D

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

Extrapolate
plasm

a
perform

ance
to

new
m

achines
(e.g.ITER

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
Boundary

condition
fornum

ericalm
odels

•
G

uidance
fordevelopm

entoftheoreticalm
odels

•
G

lobalH
-M

ode
C

onfinem
entD

atabase
(°1989):

¾
Presently

underITPA
um

brella
¾

D
B4v5:data

from
19

tokam
aks

[1,2]
¾

Version
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A)

𝐵t : on-axis vacuum
 toroidal m

agnetic field (T)
ത𝑛e : central line-av. electron density (10

19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IPB98 [3])

𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
Add data closer to ITER

 conditions and 
expand param

eter range
•

Add data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IPB98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
Explore new

 predictor variables:
e.g. triangularity 𝛿

(alternative to 
Τ

𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

Explore non-pow
er law

 m
odels (e.g. tw

o term
s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
M

AST
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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
ofdata

from
fully

m
etallic

devices
(2017):

¾
627

tim
e

slices
from

JET-ILW
(ITER

-like
w

all)H
-m

odes
[6,7]

¾
825

from
ASD

EX
U

pgrade
(AU

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(AU

G
)

•
D

B5v7:13913
points

from
19

devices
¾

STD5
(H

-m
ode

selection
criteria

[9]):7294
points

¾
STD5-SEL1

(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
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,AU
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
ALM

AT, LIM
M

AT, D
IVM

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

Pow
er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
Predictor

variable
interdependencies

(m
edium

to
strong

collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
Stochastic m

odel com
ponent

Param
eter estim

ation techniques

squares (W
LS)

IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted least

𝑛
𝐽
=

# points 
from

 device 𝐽

𝑤
𝑖 ≡

1:
ordinary least squares (O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

Euclidean 
distance

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼

R
ao G

D

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
Scaling w

ith 𝐼p
sim

ilar for ITER
-like devices

(C
-M

od, D
III-D

 and JET), except AU
G

,
but w

eaker for other m
achines

¾
𝐵t dependence w

eak in ITER
-like devices, 

slightly negative in AU
G

 [8]
¾

Scaling w
ith ത𝑛e

w
eak in ITER

-like devices, 
slightly positive in JET-C

. Stronger dependence 
in sm

alleror m
ore circular devices [19]

¾
Pow

er degradation w
eakest in ITER

-like devices

Single-device analysis (O
LS)

W
.r.t. IPB98(y,2) (ELM

y):
¾

Stronger dependence on 𝐼p , w
eaker on 𝐵t

¾
W

eaker dependence on ത𝑛e
and 𝑅

¾
N

o dependence on 𝜖
(but different 𝜅

definition [3])
¾

ITER
 predictions up to 25%

 low
er

STD
5 (ELM

y
+ ELM

-free)

STD
5-SEL1

STD
5-SEL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

STD
5-SEL2 separate offset for JET-ILW

 (shape: 𝛿)

W
.r.t. STD

5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

RM
SE

𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode

confinem
entdatabase

•
R

ecently
added

data
from

devices
w

ith
fully

m
etallic

w
alls

(m
ore

devices
m

ightcontribute)
•

Single-device
scalings

vary
considerably

betw
een

m
achines,ITER

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IPB98(y,2)reveals

som
e

differences
(subjectto

furtheranalysis):
¾

G
enerally

w
eakerdependence

on
toroidalfield

and
density

¾
N

oticeable
influence

ofplasm
a

triangularity
on

confinem
ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

variables

ITER param
eters used: Ip =15 M

A, B
T =5.3 T, n

e =10.3e19 m
-3, R=6.2 m

, ε=a/
R=0.32, κ=1.7, δ=0.33, M

eff =2.5, P
heat =87 M

W
 

‘H18’

First analysis of the updated ITPA global H
-m

ode confinem
ent database
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G
lobal energy confinem

ent scaling
•

E
xtrapolate

plasm
a

perform
ance

to
new

m
achines

(e.g.ITE
R

)
•

R
eference

forconfinem
entin

presentexperim
ents

•
B

oundary
condition

fornum
ericalm

odels
•

G
uidance

fordevelopm
entoftheoreticalm

odels
•

G
lobalH

-M
ode

C
onfinem

entD
atabase

(°1989):

¾
P

resently
underITPA

um
brella

¾
D

B4v5:data
from

19
tokam

aks
[1,2]

¾
V

ersion
3

(D
B3,subsetD

B2v8)forIPB98(y,2)(1998)[3]

𝜏E
,th : therm

al energy confinem
ent tim

e (s)
𝐼p : plasm

a current (M
A

)
𝐵t : on-axis vacuum

 toroidal m
agnetic field (T)

ത𝑛e : central line-av. electron density (10
19
m
−
3)

𝑃l,th : therm
al loss pow

er (M
W

)
𝑅: geom

etric m
ajor radius (m

)
𝜅
=
𝑏/𝑎: plasm

a elongation (=
Τ

Area
𝜋𝑎

2
in IP

B98 [3])
𝜖: inverse aspect ratio
𝑀
eff : effective atom

ic m
ass

𝜏E
,th

=
𝛼
0 𝐼p 𝛼

𝐼𝐵t 𝛼
𝐵ത𝑛e 𝛼

𝑛𝑃l,th 𝛼
𝑃
𝑅
𝛼
𝑅𝜅

𝛼
𝜅𝜖

𝛼
𝜖𝑀
eff
𝛼
𝑀

M
otivation and goals

•
A

dd data closer to ITER
 conditions and 

expand param
eter range

•
A

dd data from
 devices w

ith fully m
etallic w

alls
•

Im
prove reactor-relevant database coverage 

w
.r.t. IP

B
98(y,2) (high ത𝑛e , low

 𝑞
95 , high 𝛽)

•
R

econcile w
ith single-m

achine scans
(e.g. ത𝑛e , 𝑃l,th ) [4, 5]

•
E

xplore new
 predictor variables:

e.g. triangularity 𝛿
(alternative to 

Τ
𝑞
95

𝑞cyl [12]), pedestal 
density, torque, …

)
•

E
xplore non-pow

er law
 m

odels (e.g. tw
o term

s)

•
R

obust 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-M
od

87
82

82
82

11
CO

M
PASS

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
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0
M

AST
47

43
43

0
0
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0
0
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264

214
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0
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143
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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

TEXTO
R

1435
0

0
0

0
TFTR

104
2

2
0

0
TUM

AN3M
49

36
36

0
0

Total
𝟏𝟑𝟗𝟏𝟑

𝟒𝟓𝟏𝟑
𝟕𝟐𝟗𝟒

𝟓𝟗𝟓𝟔
𝟏𝟔𝟕𝟒

Statistic
𝝉E

,th
(s)

𝑰p
(M

A)
𝑩
t (T)

ഥ𝒏e
(𝟏𝟎

𝟏𝟗
m
−
𝟑)

𝑷
l,th

(M
W

)
𝑹(m

)
𝟏
+
𝜹

𝜿
𝝐

𝑴
eff

M
in.

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)

M
ax.

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)

M
ean

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)

M
edian

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
𝑩
t

ln
ഥ𝒏e

ln
𝑷l,th

ln
𝑹

ln
(𝟏
+
𝜹)

ln
𝜿

ln
𝝐

ln
𝑴
eff

ln
𝑰p

1
−

−
−

−
−

−
−

−

ln
𝑩
t

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
𝑴
eff

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
•

A
ddition

ofdata
from

fully
m

etallic
devices

(2017):
¾

627
tim

e
slices

from
JE

T-ILW
(ITE

R
-like

w
all)H

-m
odes

[6,7]
¾

825
from

A
SD

E
X

U
pgrade

(A
U

G
)fullW

w
all[8]

•
Im

proved
fast-particle

loss
estim

ates
(A

U
G

)
•

D
B5v7:13913

points
from

19
devices

¾
STD5

(H
-m

ode
selection

criteria
[9]):7294

points
¾

STD5-SEL1
(𝑞
95
>
2.8,1.3

<
𝜅
<
2.2,𝜖

<
0.5,𝑍eff <

5):5956
points

¾
STD5-SEL2

(
2.8

<
𝑞
95
<
3.5

,
1.6

<
𝜅
<
2.0

,
0.28

<
𝜖
<
0.385

,
𝑍eff <

3):1674
points

•
200+

variables,added
𝑛e,sep ,𝑛e,SOL ,torque

(JE
T,A

U
G

)

}
+ C

-M
od = ‘H

igh-Z’ subset
(m

etal W
A

LM
AT, LIM

M
AT, D

IV
M

AT)

Histogram
s

for
the

m
ain

scaling
variables

in
STD5,

with
low-Z

(carbon
wall

com
ponents)vs.high-Z

(fully
m

etal-walldevices).

Num
ber

of
data

points
per

tokam
ak

in
DB5,

the
standard

setbefore
the

latest
update

(STD3),
the

current
standard

set
(STD5)

and
two

ITER-relevant
subsets

(ST5-SEL1
and

STD-SEL2).

Sum
m

ary
statistics

forthe
m

ain
scaling

variables
in

STD5
(values

in
DB2v8

in
parentheses).

Pairwise
correlation

coefficients
between

the
m

ain
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
sim

plified
picture

ofpredictorinter-
dependencies).

Confinem
ent

enhancem
ent

factor
H
98(y,2)

=
Τ

𝜏E
,th

Ƹ𝜏98
vs.G

reenwald
fraction

ത𝑛e /𝑛GW
for

the
STD5-SEL1

data
set,

highlighting
the

purely
m

etallic
devices.

O
verprediction

is
observed

approaching
the

G
reenwald

lim
it[10,11,12].

(b)
(a)Projections

ofthe
STD5-SEL1

data
setwith

allscaling
variables

(including
𝛿),the

colors
corresponding

to
(a)devices

and
(b)

𝜏E
,th .The

projections
have

been
obtained

by
m

ultidim
ensionalscaling

based
on

the
Rao

geodesic
distance

between
the

data
distributions

[16].

Linear

P
ow

er law
–

Log-linear

Tw
o-term

¾
𝑦
=
𝛼
0
+
𝛼
1 𝑥

1
+
⋯
+
𝛼
𝑚
𝑥
𝑚

¾
𝑦
=
𝛼
0 𝑥

1 𝛼
1…

𝑥
𝑚 𝛼
𝑚

¾
log𝑦

=
log𝛼

0
+
𝛼
1 log𝑥

1
+
⋯
+
𝛼
𝑚
log𝑥

𝑚

¾
𝑦
=
𝑓1

𝑥𝑗
,
𝛼
𝑘

+
𝑓2

𝑥𝑗
,
𝛽
𝑘

Regression m
ethods

•
C

om
plications

arising
in

the
analysis:

¾
H

eterogeneous
data

from
m

ultiple
devices

and
diagnostics

¾
H

eterogeneous
m

easurem
entuncertainties,

log-transform
ation

[13,14]
¾

W
ithin-device

vs.betw
een-device

variability
¾

M
odeluncertainty

¾
U

ncertainty
in

predictorand
response

variables
(𝜏E

,th ,𝑃l,th ,𝜌
∗,𝜈

∗,𝛽,…
)[13

–
16]

¾
P

redictor
variable

interdependencies
(m

edium
to

strong
collinearity)

•
D

eterm
inistic m

odel com
ponent: regression function

𝑦
=
𝑓

𝑥𝑗
,
𝛼
𝑘

•
S

tochastic m
odel com

ponent

P
aram

eter estim
ation techniques

M
arginalization over error scale 

factors for each device 𝐽

𝑝
𝛼
𝑘

𝑦
𝑖
,
𝑥
𝑖𝑗
,𝐼

∝
න0 +
∞

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝛾𝐽 2
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

d𝛾1 …
d𝛾𝑁

¾
Robust Bayesian [17, 18]

×
𝑝

𝛼
𝑘

𝐼 IPB98(y,2)
w

eights

𝑤
𝑖 =

2
+

Τ
𝑛
𝐽
4

−
1: w

eighted leastsquares (W
LS

)
𝑛
𝐽
=

# points from
 device 𝐽

𝑤
𝑖 ≡

1:
ordinary leastsquares
(O

LS
)

ො𝛼𝑘
=
arg

m
in

𝛼
𝑘 ∈ℝ

𝑖=
1 𝑛

𝑤
𝑖 2
𝑦
𝑖 −

𝑓
𝑥
𝑖𝑗
,
𝛼
𝑘

2
¾

Least squares

=
arg

m
ax

𝛼
𝑘 ∈ℝ

exp
−
12
𝑖=
1 𝑛
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

E.g. linear m
odel 

w
ith G

aussian errors
ො𝛼𝑘

=
arg

m
ax

𝛼
𝑘 ∈ℝ

ෑ𝑖=
1 𝑛

𝑝
𝑦
𝑖

𝑥
𝑖𝑗
,
𝛼
𝑘

¾
M

axim
um

 likelihood

×
exp

−
12
𝑦
𝑖 −

(𝛼
0 +
𝛼
1 𝑥

𝑖1
+
⋯
+
𝛼
𝑚
𝑥
𝑖𝑚
)
2

𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

𝑝m
od

=
ෑ𝑖=

1 𝑛

2𝜋
𝜎
𝑦,𝑖
2
+
𝛼
1 2𝜎

𝑥,𝑖1
2

+
⋯
+
𝛼
𝑚 2
𝜎
𝑥,𝑖𝑚
2

−
12

ො𝛼𝑘
=
arg

m
ax

𝛼
𝑘 ∈ℝ

GD
𝑝m

od ,𝑝obs
𝑝obs

=
ෑ𝑖=

1 𝑛

2𝜋
𝛾𝐽 𝑦

𝑖
2
−
12exp

−
12

𝑦
−
𝑦
𝑖

𝛾𝐽 𝑦
𝑖

2
¾

G
eodesic least squares (G

LS) [14, 16]

U
ncertainty in predictor 

variables

𝑦
𝑖 =

𝜂
𝑖 +

𝜖𝑦,𝑖 =
𝑓

𝜉𝑖𝑗
,
𝛼
𝑘

+
𝜖𝑦,𝑖

𝜖𝑦,𝑖 ∼
𝒩

0,𝜎
𝑦,𝑖
2

𝑥
𝑖𝑗
=
𝜉𝑖𝑗 +

ถ 𝜖𝑥,𝑖𝑗
𝜖𝑥,𝑖𝑗

∼
𝒩

0,𝜎
𝑥,𝑖𝑗
2

Regression analysis

Trend 𝑀
eff W

LS
Trends G

LS

¾
S

caling w
ith 𝐼p

sim
ilar for ITER

-like devices
(C

-M
od, D

III-D
 and JE

T), except A
U

G
,

but w
eaker for other m

achines
¾

𝐵t dependence w
eak in ITER

-like devices, 
slightly negative in A

U
G

 [8]
¾

S
caling w

ith ത𝑛e
w

eak in ITE
R

-like devices, 
slightly positive in JE

T-C
. S

tronger dependence 
in sm

alleror m
ore circular devices [19]

¾
P

ow
er degradation w

eakest in ITE
R

-like devices

S
ingle-device analysis (O

LS)

W
.r.t. IPB

98(y,2) (E
LM

y):
¾

S
tronger dependence on 𝐼p , w

eaker on 𝐵t
¾

W
eaker dependence on ത𝑛e

and 𝑅
¾

N
o dependence on 𝜖

(but different 𝜅
definition [3])

¾
ITER

 predictions up to 25%
 low

er

S
TD

5 (E
LM

y
+ ELM

-free)

S
TD

5-S
EL1

S
TD

5-S
EL1 (shape: 𝛿, 𝜅, 𝜖)

Confinem
ent

enhancem
ent

factor
H
18

=
Τ

𝜏E
,th

Ƹ𝜏18
vs.

G
reenwald

fraction
forSTD5-

SEL1
(G

LS).

S
TD

5-S
EL2 separate offset for JE

T-ILW
 (shape: 𝛿)

W
.r.t. S

TD
5: shape dependence varies

M
oderate dependence on 𝛿

OLS: RM
SE

=
0.18, 𝑅

2
=
0.96𝑦corr,𝑗

≡
𝜏E

,th
𝛼
0 𝑥

1 𝛼
1…

𝑥𝑗−
1

𝛼
𝑗−

1𝑥𝑗+
1

𝛼
𝑗+

1…
𝑥
𝑚 𝛼
𝑚

95%
 confidence 

intervals

C
onsiderable 
uncertainty

Strongest pow
er degradation 

and isotope effect

C
aveat:

prelim
inary

Device
𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝛿

𝛼
𝜅

𝛼
𝑀

R
M

SE
𝑅
2

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-M

od
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

M
AST

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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

M
ethod

𝛼
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝛿

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

W
LS

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

G
LS

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
0

𝛼
𝐼

𝛼
𝐵

𝛼
𝑛

𝛼
𝑃

𝛼
𝑅

𝛼
𝜅

𝛼
𝜖

𝛼
𝑀

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

M
ethod

𝜶
0,1

𝜶
0,2

𝜶
𝐼

𝜶
𝐵

𝜶
𝑛

𝜶
𝑃

𝜶
𝑅

𝜶
𝛿

𝜶
𝑀

Ƹ𝜏𝐈𝐓𝐄𝐑
(s)

O
LS

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

G
LS

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
•

O
ngoing

revision
and

analysis
ofglobalH

-m
ode
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entdatabase

•
R
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data
from

devices
w

ith
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m
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w
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(m
ore

devices
m

ightcontribute)
•

S
ingle-device

scalings
vary

considerably
betw

een
m

achines,ITE
R

-like
devices

m
ore

favorable
•

C
om

parison
w

ith
IP

B98(y,2)reveals
som

e
differences

(subjectto
furtheranalysis):

¾
G

enerally
w

eakerdependence
on

toroidalfield
and

density
¾

N
oticeable

influence
ofplasm

a
triangularity

on
confinem

ent

•
Future

analysis
to

focus
on

data
and

variable
selection,

m
odel

com
parison,

treatm
ent

of
data

subsets
(e.g.w

eighting)and
robustness,scaling

w
ith

dim
ensionless

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-M
od 

87
 

82
 

82
 

82
 

11
 

CO
M

PASS
 

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
 

M
AST 

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
 

TEXTO
R

 
1435

 
0

 
0

 
0

 
0

 

TFTR
 

104
 

2
 

2
 

0
 

0
 

TUM
AN3M

 
49

 
36

 
36

 
0

 
0

 

Total 
12312

 
4512

 
6734

 
5358

 
1864

 

Variables 
ln Ip

 
ln B

T
ln n

e
ln 

P
L,th  

ln D
 

ln 
(1+E) 

ln F
 

ln G 
ln 

M
eff

 
ln Ip

1
 

− 
− 

− 
− 

− 
− 

− 
− 

=n B
T

 
0.41

 
(0.39

) 
1

 
− 

− 
− 

− 
− 

− 
− 

ln n
e

0.10
 

(0.19
) 

0.28
 

(0.36) 
1

 
− 

− 
− 

− 
− 

− 

l> P
L,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
 

− 

lnM
eff

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  
(M

A) 
B

T  (T) 
n

e  
(10

19 
m

-3) 

P
L,th  

(M
W

) 
D(m

) 
1+E

 
F

 
G 

M
eff  

M
in. 

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
) 

M
ax. 

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
) 

M
ean 

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
) 

M
edian 

?.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

) 


