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Turbulent transport simulations with gyrokinetic codes

p First-principle based gyrokinetic codes
• The time evolution of the perturbed distribution function is solved 

in the 5D phase-space.
à Predictions of turbulent fluxes
à Investigations into underlying turbulence physics

• Huge computational resources are required.
• An enormous amount of calculation data is generated.

[Nakata NF2016]
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clear overall tendency that the magnitude of the temperature-
gradient dependence becomes weak towards the outer region. 
Actually, /|∂ ∂ |−X LT

1
s

 in the TEM-dominated region of ρ = 0.76 
is much smaller than that in the ITG-dominated region of 
ρ = 0.30. It is also stressed that Pi and Pe indicate different  
−LT

1
i
- and −LT

1
e
-dependencies, which are crucial in order to apply 

a multiple !ux matching technique shown below.
In the present local !ux-tube delta-f approach with the 

"xed background gradients, the steady temperature and den-
sity pro"les in the power balanced state can be predicted 
by using the so-called !ux matching technique [11, 18].  

A way of evaluating the prediction accuracy is to measure the 
deviation between actual gradients observed in the experi-
ment and the input gradient values reproducing the exper-
imental turbulent !uxes in the simulation. For instance, let 
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1 1 1

i e e
, (   )( ) ( )= − − −P P L L L, ,T T ne sim e sim
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, 
and (   )( ) ( )Γ = Γ − − −L L L, ,T T ne sim e sim
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i e e

 be the calculated ion and 
electron energy and particle !uxes, respectively, as non-
linear functions of the ion-, electron-temperature, and den-
sity gradients, where the other equilibrium parameters are 
"xed. Then, the temperature- and density-gradient variations 
(∆ ∆ ∆− − −L L L, ,T T n

1 1 1
i e e

) are determined by the following !ux 
matching relations for the ions and electrons,

Figure 7. Comparison of the radial pro"les of (a) ion energy !ux 
Pi, (b) electron energy !ux Pe, and (c) convective part in the electron 
energy !ux (i.e. particle !ux) ( / ) ΓT5 2 e e against the experimental 
results, where the results with the adiabatic-electron (‘ad.-elec.’) 
approximation and with a gyro!uid-based transport model TGLF 
(with and without the mean- ×E B shear) are also plotted. The 
hatched region shows the experimental measurement error.
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Figure 8. (a) Linear growth rates at ρ = 0.50 and ρ = 0.76. 
Convergence check with respect to ( )ky max  on (b) ITG–TEM-driven 
energy !uxes at ρ = 0.50 and (c) TEM-driven energy !uxes at 
ρ = 0.76.
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Based on the data collected,
ü evolving processes can be visualized as images and
ü these images must contain much information on  

turbulence evolution.
è A new tool to reduce the computational cost

r=0.5
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where the subscript ‘(EXP)’ means the nominal experimental 
values. Note that equations  (10)–(12) are a set of nonlinear 
coupled equations  for (∆ ∆ ∆− − −L L L, ,T T n

1 1 1
i e e

), but one can 
reduce them to a linearized form, i.e.
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where ( ) ( )∆ ≡ −P P Pi i EXP i sim , ( ) ( )∆ ≡ −P P Pe e EXP e sim , and 
( ) ( )∆Γ ≡Γ − Γe e EXP e sim . Actually, the coef"cient matrix is 

evaluated in a similar way to "gures 9(a)–(c). In the previous 
work in [11], the ion heat #ux is adjusted by only the ion 
temper ature gradient parameter, so that the electron heat #ux 
still deviates from the experimental one. For more precise 
treatments, one needs to consider the ×3 3 matrix approach 
shown in equations  (10)–(13), resulting from the coupling 
among the heat and particle #uxes at each radial position, 
but the accurate experimental evaluation of the particle #ux 
is necessary.

In the present study, since there are no experimental data 
for Γe as mentioned in section 4.2, the multiple #ux matching 
technique is applied to the GKV simulation results (shown in 
"gure 7) such that the radial pro"les of Pi and Pe simultane-
ously match the experimental ones, i.e.

Figure 9. −LT
1

i
- and −LT

1
e
-scans for the ion energy #ux (Pi), the electron energy #ux (Pe), the turbulence energy (Wtrb), and the zonal #ow 

energy normalized by the total one ( /W Wzf total) at (a) ρ = 0.30, (b) ρ = 0.50, and (c) ρ = 0.76, where the other parameters are "xed in each 
scan.
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Patterns of the distribution function in the wavenumber space
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• A nonlinear calculation with GKV for JT-60U plasma parameters
– JT-60U #45072@ρ=0.76: ITG/TEM
– 4,608 cores x 60 hours @ITO
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!𝑓
!
𝑘" , 𝑘# images differ phase by phase

Ø Classification into 3 phases
a. linear-growing
b. nonlinear-growing
c. saturation

 1e-10

 1e-08

 1e-06

 0.0001

 0.01

 1

 100

 10000

 1e+06

 1e+08

 0  4  8  12  16  20  24  28  32  36  40

en
g

t/(Raxi/vtp)

GKV/data/gkv-case032/gkvpf0.55ito2/run/gkv-case032woClbbetanlv3/hst

"<cat gkvp_f0.55.eng.0*" u 1:2
"<cat ../../gkv-case032_woC_lb_beta_box/hst/gkvp_f0.55.eng.0*" u 1:2

T
ab

le
A
.2
:
E
xp

la
n
at
io
n
s
on

G
K
V

ou
tp
u
t
fi
le
s

•
F
il
e
ty
p
e
—

A
sc
ii

•
T
im

in
g
fo
r
ou

tp
u
t
—

d
to
u
t
en
g

•
M
P
I
ra
n
k
fo
r
ou

tp
u
t
—

ra
n
kg

=
=

0
•

T
ot
al

fi
le

nu
m
b
er
s
—

(T
ot
al

ru
n
nu

m
b
er
s)

•
I/
O

u
n
it
nu

m
b
er

in
G
K
V

—
ow

es
•

S
to
re
d
d
at
a
—

ti
m
e,

W
E
,
W

E
k
y

w
h
er
e,

*
ti
m
e:

S
im

u
la
ti
on

ti
m
e
t
[L

re
f/
v r

ef
]
(r
ea
l)

*
W

E
:
T
ot
al

el
ec
tr
os
ta
ti
c
fi
el
d
en
er
gy

in
cl
u
d
in
g
p
ol
ar
iz
at
io
n
[δ

2 re
fn

re
fT

re
f]
(r
ea
l)
.

*
W

E
k
y
(0
:g
lo
b
al

ny
):

k y
sp
ec
tr
u
m

of
th
e
el
ec
tr
os
ta
ti
c
fi
el
d
en
er
gy

[δ
2 re
fn

re
fT

re
f]
(r
ea
l)
.

h
s
t
/
g
k
v
p
f
0
.
4
8
.
w
e
m
.
(
i
n
u
m

in
3
d
ig
it
s)

•
F
il
e
ty
p
e
—

A
sc
ii

•
T
im

in
g
fo
r
ou

tp
u
t
—

d
to
u
t
en
g

•
M
P
I
ra
n
k
fo
r
ou

tp
u
t
—

ra
n
kg

=
=

0
•

T
ot
al

fi
le

nu
m
b
er
s
—

(T
ot
al

ru
n
nu

m
b
er
s)

•
I/
O

u
n
it
nu

m
b
er

in
G
K
V

—
ow

em
•

S
to
re
d
d
at
a
—

ti
m
e,

W
M
,
W

M
k
y

w
h
er
e,

*
ti
m
e:

S
im

u
la
ti
on

ti
m
e
t
[L

re
f/
v r

ef
]
(r
ea
l)

*
W

M
:
T
ot
al

m
ag
n
et
ic

fi
el
d
en
er
gy

[δ
2 re
fn

re
fT

re
f]
(r
ea
l)
.

*
W

M
k
y
(0
:g
lo
b
al

ny
):

k y
sp
ec
tr
u
m

of
th
e
m
ag
n
et
ic

fi
el
d
en
er
gy

[δ
2 re
fn

re
fT

re
f]
(r
ea
l)
.

h
s
t
/
g
k
v
p
f
0
.
4
8
.
e
n
g
.
(
i
n
u
m

in
3
d
ig
it
s)

•
F
il
e
ty
p
e
—

A
sc
ii

•
T
im

in
g
fo
r
ou

tp
u
t
—

d
to
u
t
en
g

•
M
P
I
ra
n
k
fo
r
ou

tp
u
t
—

ra
n
kg

=
=

0
•

T
ot
al

fi
le

nu
m
b
er
s
—

(T
ot
al

ru
n
nu

m
b
er
s)

•
I/
O

u
n
it
nu

m
b
er

in
G
K
V

—
oe
n
g

•
S
to
re
d
d
at
a
—

ti
m
e,
∑

k
x
,k

y
〈|φ̃

k
|2
〉,
∑

k
x
〈|φ̃

k
|2
〉

w
h
er
e,

*
ti
m
e:

S
im

u
la
ti
on

ti
m
e
t
[L

re
f/
v r

ef
]
(r
ea
l)

*
∑

k
x
,k

y
〈|φ̃

k
|2
〉:

S
qu

ar
ed

am
p
li
tu
d
e
of

th
e
p
er
tu
rb
ed

el
ec
tr
os
ta
ti
c
p
ot
en
ti
al

[(
δ r

ef
T
re
f/
e r

ef
)2
]

(r
ea
l)
.

*
∑

k
x
〈|φ̃

k
|2
〉(
0:
gl
ob

al
ny

):
k y

sp
ec
tr
u
m

of
th
e
sq
u
ar
ed

am
p
li
tu
d
e
of

th
e
p
er
tu
rb
ed

el
ec
tr
o-

st
at
ic

p
ot
en
ti
al

[(
δ r

ef
T
re
f/
e r

ef
)2
]
(r
ea
l)
.

h
s
t
/
g
k
v
p
f
0
.
4
8
.
m
e
n
.
(
i
n
u
m

in
3
d
ig
it
s)

•
F
il
e
ty
p
e
—

A
sc
ii

•
T
im

in
g
fo
r
ou

tp
u
t
—

d
to
u
t
en
g

•
M
P
I
ra
n
k
fo
r
ou

tp
u
t
—

ra
n
kg

=
=

0
•

T
ot
al

fi
le

nu
m
b
er
s
—

(T
ot
al

ru
n
nu

m
b
er
s)

•
I/
O

u
n
it
nu

m
b
er

in
G
K
V

—
om

en
•

S
to
re
d
d
at
a
—

ti
m
e,
∑

k
x
,k

y
〈|Ã
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"<cat ../../gkv-case032_woC_lb_beta_box/hst/gkvp_f0.55.eng.0*" u 1:35

̅𝑡

Nonlinear calculation
Linear calculationCharacteristic patters observed in each phase

• Can a deep learning program detect the difference?
• Can a deep learning program predict the simulation 

time from the image? 
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Convolutional Neural Network model: EfficientNet

https://arxiv.org/abs/1905.11946.

https://towardsdatascience.com/
complete-architectural-details-of-
all-efficientnet-models-
5fd5b736142

Inputs Outputs

Feature learning Fine tuning for specific problems

Modified for the 5𝒇 𝟐
patterns: unfrozenFreezing pre-trained weights

Classification / Regression

EfficientNet (ENet) [Tan ICML19]
• A state-of-the-art convolutional neural network (CNN) model in 2019
• Pre-trained with ImageNet datasets
• Variants with different network depth: We use EfficientNet-B4.
• Very high transfer learning performance (important!) & Fine tuning
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The simulation time is predictable from the image

Train ENet for regression (prediction) 
• Feed images and their corresponding time in the linearly and 

nonlinearly growing phases into ENet for training
• In the saturation phase, the link b/w the image and the time is 

lost due to its stochastic nature.

• Number of data
– Train: 5,403
– Validation: 1,543
– Test: 772

𝑅! = 0.9949
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GKV/data/gkv-case032/gkvpf0.55ito2/run/gkv-case032woClbbetanlv3/hst

"<cat gkvp_f0.55.eng.0*" u 1:35
"<cat ../../gkv-case032_woC_lb_beta_box/hst/gkvp_f0.55.eng.0*" u 1:35Nonlinear calc.

̅𝑡

Linear calc.

lin- and nl-
growing phase

Pr
ed

ic
tio

n

True

5.005
5.100

10.734
11.000

2.755
3.100

Prediction
True

Extremely high determination coefficient 𝑹𝟐: 0.9949
è Excellent prediction evenly over the entire time period
è Feasible to get ENet forecast the saturation time

saturation phase:
stochastic

saturation time

High predictability!
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ENet as a predictor for efficient runs

Predictive capability makes it possible to choose the fastest case of all.
• Make use of ENet trained with “Base” case data (black line)
• Execute several GK runs with different initial amplitudes for a while and pick up the seemingly fastest case

ü The saturation time can be roughly forecasted at an early stage.
ü Save numerical resources by keeping the fastest case and eliminating the rest.

Saturation time:

wall-clock time:
6~10 hours
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"<cat ../../gkv-case032_woC_lb_beta_nl_v10/hst/gkvp_f0.55.eng.0*" u 1:2

Base
High (×10%)
Low (×10&%)

̅𝑡

168 25

Changes in the initial
fluctuation amplitude

wall-clock time:
33~36 hours

Images at ̅𝑡 = 5
Base High Low

Estimated 
saturation time �̅� = 6.726 �̅� = 17.437

It will be saturated soon The simulation is still in the midst of the growing phase.
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Generalization of ENet-based predictor
for different dominant instabilities

• Three cases prepared for different dominant instabilities based on 
the Cyclone base case (CBC), which is a de facto standard DIII-D 
parameter set for gyrokinetic simulation benchmarking tests.
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CBC 6.92 6.92 2.22 1

Pure ITG 6.92 0 2.22 1

Pure TEM 1 8 3 3

Linear calculations can be performed at low numerical cost.
è Choose the best model to better predict the time based on the linear results performed at initial.
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Methodology for actual application

Pre-assessing the linear stability leads to higher predictability.

Linear calculation Choose the suitable 
model Predict the time

𝜔/4

𝛾
JT-60U@ρ=0.50 ITG/TEM

ITG

TEM

𝑅" = 0.8122

𝜔/4

𝛾

JT-60U@ρ=0.26

𝑅" = 0.8912

ITG/TEM

ITG

TEM

ITG/TEM

𝑅" = 0.2688

ITG

TEM
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Conclusions and future work 

• The powerful CNN model, EfficientNet, is able to distinguish the minuscule difference between images of 
fluctuations in the wavenumber space.

• ENet has an ability to select the simulation that finishes the fastest for obtaining the result as fast as possible 
and saving computational resources.

• By preparing multiple ENet models with different dominant instabilities, high prediction performance can be 
achieved for untrained cases.

Future plan
Ø Multimodality for higher accuracy
Ø Predicting the turbulent saturation levels

10/10

The ENet models are helpful to study turbulent transport with gyrokinetic simulations effectively.
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Turbulence regulates plasma confinement

JT-60SA

Particle and heat 
transport

Ø The balance between transport and sources determines 
density and temperature profiles.

Particle and heat source

Ø Turbulence is dominant in tokamak plasmas.
Ø Massive computational cost is required to estimate turbulent fluxes.
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ü Predicting and understanding turbulent transport 
quickly and efficiently are crucial issues.
è Taking data-driven approaches, we have 

developed neural-network (NN) based models.
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High 𝑓 ! areas gradually move toward the low 
wavenumber region.

ü The patterns in the velocity space have also been checked.
è The structure changes in the growing phase, and it 

breaks in the saturation phase.
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Classification of the 𝑓 ! patterns by the CNN model

• Number of data
– Train: 5,403
– Validation: 1,543
– Test: 772

Ø Visualization of focus areas
In the saturation phase,
• high 𝑓 ! areas are located in

the low 𝑘" region.

ü Accuracy for test data: 99.9%
è The 𝑓 ! patterns can be classified by 

transfer learning based on the pre-
trained CNN with real-world images. 

Focus areaInput ( ̅𝑡=24, c)

𝑘%

𝑘 &ü The model is focusing on the low 
𝑘" region.

è A potential tool to understand 
turbulence physics
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Generalization of ENet-based predictor
Caveats of the current ENet-based predictor, based on JT-60U data
• It may not be applicable to the case away from that corresponding to the 

dataset used to train ENet.
• The cases with different linear dispersion relations will exhibit different 

fluctuation growth patterns.

Ø Develop an ENet-based predictor trained on the Cyclone base case (CBC), 
which is a de facto standard for gyrokinetic simulation benchmarking tests.

Ø Test the performance when applied to the previous JT-60U case
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ENet trained with Cyclone base case dataset

Apply the CBC ENet to JT-60U data (#45012@ρ=0.76) for prediction

• The CBC ENet shows high predictability until some time after the 
transition to the nonlinearly growing phase ( ̅𝑡~8).

Extremely high 𝑹𝟐: 0.9945
è The excellent performance was demonstrated for the CBC as well.

𝑅! = 0.9945

Pr
ed

ic
tio

n

True

Test the predictive capability of ENet trained with CBC datasets for the CBC.

𝑅! = 0.7634
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Fairly high 𝑹𝟐: 0.7634
è Overall trend has been captured well.

CBC ENet 

Cyclone base case (CBC)

JT-60U #45072@ρ=0.76JT-60U 
dataset



ENet trained with Cyclone base case dataset

Apply the CBC ENet to JT-60U data (#45012@ρ=0.26) for prediction

• Completely different linear dispersion relation b/w CBC and JT-60U 
#45072@ρ=0.26

𝑅! = 0.2688

Poor 𝑹𝟐: 0.2688
è Predicted a time farther into the future than it actually is

CBC ENet 

JT-60U 
dataset

Extremely high 𝑹𝟐: 0.9945
è The excellent performance was demonstrated for the CBC as well.

𝑅! = 0.9945
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Test the predictive capability of ENet trained with CBC datasets for the CBC. Cyclone base case (CBC)
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Multiple ENet models classified by dominant instabilities
Three cases prepared for different dominant instabilities
• CBC original for ITG/TEM
• CBC with flat Te for pure ITG
• CBC with four parameters modified to develop pure TEM

ENet for ITG/TEM ENet for ITG ENet for TEM

⁄𝑅 𝐿"! ⁄𝑅 𝐿"" ⁄𝑅 𝐿# ⁄𝑇$ 𝑇%
CBC 6.92 6.92 2.22 1

Pure ITG 6.92 0 2.22 1

Pure TEM 1 8 3 3

Linear calculations can be performed at low numerical cost.
è Choose the best model to better predict the time based on the linear results performed at initial.


