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aussian Process Regressmn (GPR)

<y1> Go(xy) - Pplxy) (“{0)
YN Go(xy) - Prlxy)/ \WyL
In a linear regression model as above,
assuming that w is generated
from Gaussian distribution with mean 0
and variance A%1

w ~ N(0,221),
distribution of y with observation
noise o is multivariate Gaussian

distribution,
y ~N(0,2pT + 521).

In the expression, weight w vanishes.

Instead of calculating N x N covariance matrix using &
K = 120! + 2],
kernel function, which directly calculates (n,n")
element of K
Kon' = k(xn' xn')'
can be used. In this study, ARD kernel function is
used:

ARD (automatic relevance determination) kernel with
D-dimensional input x

2

— X |

D
k(xn,xn/) = exp —Z |xni nt

i=1 ni

n;, o: Hyperparameters

+ 028(xp, x,1)

Training of the hyperparameters is carried out using
ADAM (adaptive moment estimation) method.
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Bayesian Optimization

® Data (with observation error)
mm Prediction (mean)

B Prediction (variance)

== Actual Model

By GPR, predictive distribution is
obtained with the mean and the
variance, i.e., with the uncertainty
information.

This information is used to determine
the next point to be investigated in
the optimization.

Acquisition Function : How to choose a candidate of
input parameter

good
/
: /Hypervolume
’ indicator
R | o / Candidate
o
S
C Y
Reference : ° ‘
oint i
P f1(x)

Expected hypervolume improvement (EHVI)
EHVI measures the expected gain in Pareto front
hypervolume from evaluating a new point.

gEHVI : approximate EHVI by Monte Carlo method, and
proposes multiple candidate solutions.
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We applied Bayesian optimization to multi-

Ji!

objective optimization problems for LHD. oV [-3.50,-2.00] MA 0.10 MA
« The 4 operatable parameters in LHD: 1S [-3.0, 3.0] MA 0.25 MA
the current of the three pairs of the vertical Vinag [0.20, 1.60] 0.10
field coils (OV, IS, and IV) and the minor a [0.865. 1.085] m 0.01375 m
radius of the current center of the helical
: Total cases 102,000
coils a,.
« The total current of the helical coils is fixed. Changing the current ratio in three layers of
« The three layers of coils are approximated helical coils y corresponds to change of a..
by a single filament. yEmcac_ 10 X ac¢

I.R, 2x3.90

Parameters are scanned within the range of
design limit.

v" Objective functions
*  Dperc(min), By = 2.0% (Mercier criterion, Dyerc > 0 is stable )
« In(D*) (neoclassical diffusion coefficient at r = 0.7a, 1/v regime)
« V (volume, added in three-objective case) 9




Two-objective BO (In(D*), Dyoy.(min))

In(D*) at B =2.0%

—6.4 —{'_I].3 —[;1.2 —Ell.l ﬂ.lﬂ
DMerc(min) at f = 2.0%

0.1

& & & & B

Initial
BOO1
BOO2Z2
BOO3
BOO04
BOOS
BOOB6
BOO7
BOOB
BOOD9

BO10O

generation

Initial: 1,000 training data
BOi: Actual values at predicted points in
i-th BO cycle

As optimization progresses, solutions
approaches the Pareto front.

Exploring the Pareto front to small-D* &
small-Dy.rc region was insufficient. Need
to refine the algorithm to predict the
candidate points.
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In(D*)

Distribution of In(D*) and Dy;e,-.(mMin)

9 . . : 0.05
81 10
7 -
1 -0.05
6 -
5 | 4 -0.1
47 {-0.15
3 -
Yo 1-02
In(D*
1l . (r(nln; 4 =0.25
D, '?&?S} 5o
0 L N PR N F IR Merc -0.3
3 3.2 3.4 3.6 3.8 4 4.2 4.4

Dperc(min)

In standard LHD configurations, the
minimum D* is around R, = 3.53 m,
while MHD stability is better when it is
shifted outward. Similar tendency is
observed in extensive scans as well.

Pareto solutions appears mainly at
small R, (~3.4 — 3.6).

As a result of trying to lower D*, there
were many inward configuration with
Dyerc(min) < 0, but BO tried to find the
values close to 0.
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1, well, (good

1, well, (good = +)

Sample of two- and three-objective BO

« A: Two objectives

15 T T T T T T 0.1

well(~V") — . . .
, Cuoy — « Although Dyerc(min) is marginally unstable,
i 17 these samples may achieve a balance
0 I L]
Iy 0 among a moderate level of neoclassical
-1 oos & transport and marginal MHD stability, and
N N large plasma volume.
-25
-3 -0.15
-3.5
-4 i -0.2
02 03 04 05 06 07 08 09 1
na Quantit Sample A Sample B
« B: Three objectives y (two-objective) (three-objective)
“rrr1 1171 1% welle V) — 14 32.0 34.2
05 / 0.08 Dperc(min) -0.051 -0.194
of ! oo In(D*) 2.03 3.36
s . Y 1.308 1.326
A 1004 2
s ° B, (quadrupole) 93.35 124.0
2| 10 x (ellipticity) 1.09 1.018
= 1o Rax 3.427 3.543
-3}
o 002 H-S distance 0.350 0.352

5 i H ) i H
02 03 04 05 06 07 08 09 1

r/a 12



4 FLRENEER O sEA L (A | 7o FH B DS S

=1
- Nataka (PFR2022) has proposed that smaller S g
maghnetic field line geodesic curvature enhances ‘ ((\)) LD santad >

zonal flow residuals, suppressing nonlinear saturation 3.2] { e Acsymmeric
w o
of turbulence. X% 015 -

* This trend has been confirmed by flux-tube gyrokinetic \\_
simulation GKV. 1) . -
0 0.5 1 1.5 (ref) 2.5 3

Guiding-center drift frequency e ' ' ' '
(in flux-tube coordinates): Agp: ratio of ZF / Sosl Q 1
1 ‘ turbulent energy < W

wpe = —=ki b x (uVB + mujb - Vb)
e, B ‘o THD inward — "
6

(uB +m "llz) P s, | rediced X (x05) — ]

) . . . . .

"t :
Kg = (1/)?) K- -Vx X b,K = b -Vb : Geodesic curvature 0 25 50 75 100 125

Time t [R,, /v;]

(Nakata et al. PFR 2022)
13



MLEMREME DRREE

« Dependence of the geodesic curvature on
R, is checked in wider range than the
previous studies.

- Here,y xa,and B, are still fixed to the
standard values (1.254, 100%) .

X
S
5
=

R,y dep. (r=0.75a, a=0.2)

beta=015 —_—
beta=2.0 ==t

0.14 |

Sqrt(xgz)

0.12 |

0.1 |

 |tis confirmed that /(Ké) increases with R,
in wide range.

0.08 1 | 1 Il Il Il !
3.5 3.55 3.6 3.65 3.7 3.75 3.8 3.85 3.9

Rax(vac)

r

(+b—=00)7 41 | GHil | 17/ . . 1
Flux-tube average of K,: V(K2) (F) — S om0 | S5 F(p,yo, )1 (9).

Window size : a =0.2 J}be_ei%f di) | 5| W (0)
. 2

0, is chosen to the Cepter of W(0) = exp |- (¢ 6’?)

the bad-curvature region (am)?
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Electrostatic potential <[, |%> [6°T 2/e?]

/a=0.65, L=11, L,=3

I TGELIR DB UL B R TF 14
I X L] T
r/a=0.65, Li=11, L,,=3
16403 | T 1 T 1 1e+03
 (curves=total, dots = ZF component) <
i 2
AV, >
D3 7 5 B e
1e+02 |- s%ptﬁ%’zw : “% 1e+02 |
. ?i ?‘, = : \}ﬂ o
T . e 0
P h«'ﬁ‘ ]‘%;' L §
N S W L A =
&y o L
1e+01 3 W . 1 2 1e+01 3
i;
[}
&
16+00 5 160 150 250 1e+00 0
Time t v, o/l o

T I

1 Il

« Nonlinear ITG turbulence simulations have been conducted.

100 150
Time t vref/Lref

« Inward-shifted config. = Bad curvature - Initial linear growth rate is faster
Higher ZF residual level = NL saturation level is lower

« Turbulent energy flux is smaller for inward-shifted config. (=sma|l-1cg).

200

250
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/a=0.65, Li=11, L,=3

1

1

T

T

Qgy

o

| | 1 | |

3.5

3.6

i

365 37 375 38 3.85
Rax(Bo=0.5) [m]

3.95

e The total turbulent energy (T+Z2) is
almost the same, but large ZF can
suppress the Qgxp for Ry, < 3.65.

1a=065, Li=11, L,=3

T T T

-
ExB — %
7| .
Xi T
I 2T G 2T "

o
T

XilXce Qexglard]
B

| | | 1 | 1

1 | |
009 01 011 012 013 0.14 045 016 0.17 0.18

Sart(x,”)

Dependence of Qg«p and the regression model
of y; on [(x2).
Good agreement in wide range.
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