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735 Acquisition function D ELE (objective function: fsum/ phase ellipse A)

Expected Improvement (El)
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F /3% Acquisition function MDLEE

%X (objective function: fsum/ phase ellipse A)

L ower Confidence Bound (LCB) / B8 = 0.2 (default)
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735 Acquisition function D ELE (objective function: fsum/ phase ellipse A)
Minimize (scipy.optimize / Powell) PIIDINIFELSHTIAES

Graph H2_diff Q H2_diff_Q

Entries 300
0 4r 1 Mean x 1.43
= | Meany 1.867
« 7 NS S M DS S | Std DeV X 0.02593

| StdDevy 0.1075

3 e R G PT oA RN REeReRRe O A RN RN AR RE S O L NI S

-0.5

e e

T - e e
w11 | 1 r =1 Qo 1100

ve function
|

R
)

rsin 6
Q
3
3
|
QO
1Q
s

1 :" """"""""""""""""""" Z """""""""""""""""""" """""""""""""""""" . 0

IllIIIII*JI*II*|IIII|IIII|

objectl

N,

~so far best | | | | - *%ﬁq:@ﬁ%:z'f - 1 Q orm| |@norm|

0 50 100 150 200 250 300 0 0.5 1 1 .5 2 2.5 3 3.5 4

epoch rcos @

epoch obj. transmission O x Oy

RYICHE%R
HBAEHD

best 298 -2.28 0.97 1.27 0.90




IEER - E—LYBEOEBFEE T —7 >3y 2023 @ Eff, 11

BINAIN=INFGAXA=FTDII2aL— 3 ViERDLR

— -

F£78 4% Acquisition function D LELER (objective function: fsum)

phase ellipse A Pl El LCB
RYICEEZ
7 41
A T- epoch 3 2 o7
best obj. -2.74 -2.40 -2.68
phase ellipse B Pl El LCB
R=YICREZ
127 —
A T- epoch 2 o
best obj. -2.46 -2.31 -2.65
phase ellipse C Pl El LCB
R=YICREZ
B2 1= epoch 283 o 143
best obj. -2.28 -2.04 -2.22

LCB D62 H6NFVADBREZIICRZA S,



IRz -

BINAMIN—=INTGA—=FTDY

E—LYBEOEWMEE T —7 Y =

v 7 2023 @ %

=1

#2735 Objective function DLt

55_2 (fmulti)

B 11E
L—>3 Y
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5175 B MiEL (objective function: fsum/ phase ellipse B)

Lower Confidence Bound (LCB) / 8 = 0.01
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LCB IZ&

5175 B MiEL (objective function: fsum/ phase ellipse B)

Lower Confidence Bound (LCB) / 8 = 0.2
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5175 B MiEL (objective function: fsum/ phase ellipse B)
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Detail of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “Initial values”

for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR
In Bayesian estimation, objective function has distribution for any x, I.e.,

p(t]|x) =

\/ 270(x)

exp| —

(x — m(x))

20(x)?

Create a model means estimate m(x) and o (x) for any x.

In linear estimation model,

39
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Detaill of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “initial values”
for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR
In Bayesian estimation, objective function has distribution for any x, I.e.,

I (x = m(x))’
p(t]x) = eXp | - >
\/ 270o(x) 20(x)
Create a model means estimate m(x) and o (x) for any x. C. M. Bishop, Pattern Recognition

i i i and Machine Learning, Springer (20006)
In linear estimation model,

m(’x) — Zwm¢m(x) 0.5 j 0.75-/\
w: model parameter ¢@: basis function ol & | s

1

- 0.75 |

| - 051

251 \ 0.25 |
(‘) 0

1 -1 0 1

-0.5¢

-1 :
ol | 0 1

Figure 3.1 Examples of basis functions, showing polynomials on the left, Gaussians of the form (3.4) in the
centre, and sigmoidal of the form (3.5) on the right.
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Detail of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “initial values”
for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR
In Bayesian estimation, objective function has distribution for any x, I.e.,

plt1x) = ——exp (-
\/Zw(x) 20(x)?

Create a model means estimate m(x) and o (x) for any x.
In [inear estimation model,

m(x) = 2w, ¢ (x)

w: model parameter ¢: basis function
Instead of determine w from data set, estimate probability distribution of w and integral it as

p(t]x) = [p(t\x, wipw | {x;, t;}Hdw .

measured data set so far

41
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Detaill of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “initial values”
for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR
In Bayesian estimation, objective function has distribution for any x, I.e.,

(t10) 1 exp (x — m(x))’
p(t|x) = X —
\Ew(x) 20(x)?
m(x) and o (x) are calculated with {xi, oiln as |
mp(x) = Zk(x, x)t,, UN(X)z = E + J(X)TSNJ(X),
k(x,x) = S ), -1 _ I Go(x1)  O1(x1) -+ dm—1(X1)
(620 = POCOSN) SN al+po7d. 5 _ Go(X2)  P1(x2) -+ Pm-—1(X2)

X a: parameter of prior distribution of w .
B: precision parameter of the measurement itself Go(xXn) O1(XnN) -0 dym—1(XN)

42
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Detaill of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “initial values”
for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR
In Bayesian estimation, objective function has distribution for any x, I.e.,

(t]x) = 1 exp [ — (x — m(x))*
P \/Zw(x) 20(x)?

m(x) and o (x) are calculated with {xi, oiln as

0 —> T —> C. M. Bishop, Pattern Recognition
mN(x) — Zk(x, xl)tp GN()C) = — 4 ¢ ()C) SN ¢ ()C), and Machine Learning, Springer (2006)

- _ ﬁ Figure 3.11 Examples of equiva-
kernel funCthn- lent kernels k(xz,z') for x = 0

. _ plotted as a function of 2/, corre-  0-04] | 0.04
Indicator of the strength sponding (left) to the polynomial ba-

sis functions and (right) to the sig- 0.02 0.02
I : ” moidal basis functions shown in Fig-

Of COrrelathﬂ between i and X ure 3.1. Note that these are local- 0 %
ized functions of =’ even though the
corresponding basis functions are

nonlocal. -1 0 | -1 0 |
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Detail of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “Initial values”

for N parameters, measurement of 2N + 1 data point : default = ci(1=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR

In Bayesian estimation, objective function has distribution for any x, I.e.,

p(t]|x) =

\/ 270(x)

m(x) and o (x) are calculated with {xi, oiln as

mp(x) = Zk(x, x)t,, UN(X)z =

p

;

Intrinsic error of the measurement

exp| —

(x — m(x))

20(x)?

] — e =
—+ P (x)" Sy (%),

N

Ambiguity from the estimation

44
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Detail of Algorithm: Bayesian Optimization with GPR

1. Measurement of data as “initial values”
for N parameters, measurement of 2N + 1 data point : default = oci(i=1, 2, ---, N)

2. Create a model of the distribution of the objective function based measured data using GPR

3. Calculate El (Expected Improvement) for all x based on the created model
Expected improvement is defined as

- (max{fon, @) — f@).0)) = JP(a)max{f(x, @) — f(©),0}dar.

f(x, a): objective function a: error indicators P(a) : Probabllity function of «
This value becomes large when the information Is insufficient.

45



IEER - E—LYBEOEBFEE T —7 > 3v 7 2023 @ Eff, 11E

46

Detaill of Algorithm: Bayesian Optimization with GPR

1.

Measurement of data as “Initial values”

for N parameters, measurement of 2N + | data point : default +

Create a model of the distribution of the objective function base

Calculate El (Expected Improvement) for all x based on the crea
Expected improvement is defined as

- (max{fon, @) — f@).0)) = JP(a)max{f(x, @) — f

f(x, a): objective function a: error indicators P(a) : Probabllity
This value becomes large when the information Is insufficient.
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Detail of Algorithm: Bayesian Optlmlzatlon with GPR

1.

Measurement of data as

“Initial values”

for N parameters, measurement

Create a model of the distributic

. Calculate El (Expected Improven

Expected improvement is define

_O{(max{f(xa a) _f(

f(x, a): objective function a: error inaicators rF(a)

I L

0.57

OF

-0.5 7

i— True function
O Data

Mean of Prediction

()

(0.2

(.4 0.6 (.8 l

This value becomes large when the information Is insufficient.
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Expected Improvement
O o O
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| = y=Xx%"sin(x)
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Detail of Algorithm: Bayesian Optimization with GPR

1.

Measurement of data as “Initial values”

for N parameters, measurement of 2N + 1 data point : default = oci(i=1, 2, ---, N)

Create a model of the distribution of the objective function based measured data using GPR

Calculate El (Expected Improvement) for all x based on the created model
Expected improvement is defined as

- (max{fon, @) — f@).0)) = JP(a)max{f(x, @) — f(©),0}dar.

f(x, a): objective function a: error indicators P(a) : Probabllity function of «
This value becomes large when the information Is insufficient.

Apply a new parameter with maximum El to the real system and measure the data
to search the point with the maximum El, we use the library BoTorch /GPyTorch

Repeat 2 ~ 4 and search the best point

48
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Development History of GPR Optimization System@RIBF

— 1 st attempt an automatic optics optimization by ML
- simultaneous optimization of transmission and beam spot

— Development of indicators for high intensity beams
+ secondary beam with charge conversion
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Automatic Optics Optimization : Test with Low Intensity Beam

(1) Change parameters
(Q / Steerer) by EPICS

BigRIPS

Luminosity

Use+ 345 MeV/u
~ 0.001 enA
2.0 e+7 cps

I\

v

vvvvvvvvvvvvvvvvvvvvv

*-»)Fh_ _ o -
r Blnaaet —"‘5"13 o
h L L A

horizontal position [pixels]

Intensity : Integral of image luminosity

Spot : Image width

Viewer image

(3) Calculate objective function
Create model by GPR
Choose next param.

Gaussian Process
Regression
(Baysian Opimization)

Repeat (1) — (3)

to optimize optics
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1st Exp. : Auto Tuning with Low Intensity Beam

12

11

sigma

10

0.4

0.2

0.0

-0.4

Obj

Demonstration test at 2020 Oct. 21:00 ~ 9:00

2.0

1.5

center

-0.2

- —@— objective function

relative parameter change

best value (GP)

1.0
0.5 F

0.0 F

50 F
255
oF
—25F
—505
—75§

4 _100k

-415;
5? ) E—.— center_h
| | I-:'l | | | I | 1 | I | 1 | I | 1 | I | 1 ] _1 ' 0 : | | 1 nltel'l-—vl I
—6 —4 -2 0 2 -6 -4
Oh,vVS Epoch Pos
—_ I | | | I | | | I | | | I | | | | | l_— 100 : | | I | | | I
. 75 E

0

ective function vs Epoch Current of Q vs Epoch

1 1700F
1 1600 F

1 o 1500 F

square

b 1400:

] 1300:

objfunc value

1 1200F,

—100 -30 0 50 100

| Initial: manually optimized params.
I Goal : good transmission

small beam spot

« 3 ~ 7 params.
(Quadrupoles)

1 epoch~1s

* 1 try ~ 5 min (~300 epoch)
« ~ 0.001 enA

try optimization

with several conditions
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1st Exp. : Auto Tuning with Low Intensity Beam

Demonstration test at 2020 Oct. 21:00 ~ 9:00

Compare the result of manual optimization / manual

using high intensity beams and wire scanner / Faraday cups

ML optimization

Manual Optimization Manual + ML Optimization
FCup [etA] 720 78
Beam Dump [euA] [.25 8.0
Ratio (BD/FCup)* 1.01 1.03
25 STD horizontal ML horizontal
u Entries 3073 Entries 3073
= Mean 12.52 25— ; Mean 12.8
2"_ Std Dev 0 ~ Std Dev 0
%%/ ndf 0.2008 / 26 _ f I ¥% / ndf 1.504 /23
p0 2.173 = 0.465 2 — p0 2.475 = 0.530
= L —_ p; 0 77241 1% j£211 g; 0 6710133?0: 10é(132
Wire Scanner i AT S
D15 | PFb BRFO PFb BRFO
0.5:_ ’ 1 0.5} !J
£/ L S A
N RN |

Significant improvements
In the 1st test

¢ Beam dump does not have
good suppressor

52

| - Beam width \ 13% |
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1st Exp. : Auto Tuning with Low Intensity Beam
Demonstration test at 2020 Oct. 21:00 ~ 9:00

Compare the result of manual optimization / manual + ML optimization
using high intensity beams and wire scanner / Faraday cups

Manual Optimization Manual + ML Optimization
FCup [e LAl ;2(5) ;g  Transmission // 2% |
Beam Dump [euA] _ _ | ] ;
i+ Beam width . 13% |
Significant improvements
: - R ;l - in the 1st test
; |
Wire Scanner |- 2 omeow| F o oo v ies >k Beam dump does not have
D& | PFb BRFO | PFb BRFO good suppressor
- | : 0.5: ,"I :
= — e 7\

(O Algorithm works as expected
(O Optics is improved with low intensity beam (limit by fluorescent viewer: 0.001 enA)
/A Effective algorithm
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ERE—RE— A THEERNTOMEC & 3L RBBIE

—XIZRRAY Y MUE TOREN T2

T ™

1.0e+10 |
1.0e+9
1.0e+8 ; -
'.O§+7 é —

1.0e+6 |
1.0e+5 | |
'.O§+4 % ﬁ
1.0e+3 |
1.0e+2
1.0e+1

- K35+

000 | |
-120fnn1 80 mm O mm

position at slit [mm]

E—LEBE : IR TROScI. (ffFEXEEhF)
 IZFR TR OMEMR LA (RrERENT)

E—LiE

PPAC (REM&has) / > FL—%
CTlIBR N T & HITE

=
Kr3e+ 345 MeV/u | AY YK R A 7
~0.001 enA | (Kr34+EiR) ~ 4 keps
1.7 e+5 cps . o
Dipole | Dipole
Tracker
Be ITmm

HEs CO E— L&,
KCPS
KCPS
KCpS

0.001 enA
1 enA
(300 enA)
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A. Compare Beam Spot measured by Viewer and Tracker

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

Red : Viewer

5 ;
— 2 Black: Gas tracker
g 3 ° * Viewer and gas tracker is calibrated by optics O data.
I_><I 2 A 4
° 1 2 7 Data of viewer and tracker
0. 0 1 > 3 A s — (qualitatively) consistent
Optics# ¢ When the spot become wide,
2.5 non linearity may not be negligible
£ 2 |
c 1.5 4 @
S ! . ? . : L el .
0.5 Tracking distribution of secondary beam
0. ; : s s 4k Is good probe for the primary beam spot!!

Optics#
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Auto Tuning with "High Intensity” Beam in 2022 May

Real time tracker system s realized and connected to EPICS*
—> test with ideal situation with Be target and tracker / scintillator:

x T. Sumikama et al, RIKEN Accel. Prog. Rep 54, 82 (2021)

BigRIPS (Fragment Separater)

Secondary beam

Kr34+
Experiment items

A. Compare beam spot measured by

% Viewer and Tracker

& B. Increase the beam intensity and optimize
beam optics using Tracker / Scintillator

Detectors
Slhit
Target (Be 1mm)
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B. Auto Tuning with “High Intensity” Primary Beam

BIgRIPS (Fragment Separater) Detector in downstream

secondary beam . g.intillator (for Transmission)

Kr34+

- Gas tracker (for spot)
measure Kr34+ 10 kcps / 0.0001 enA
optimize 26 enA primary beam Kr36+

Detectors

Slit )
Target (Be 1Tmm) =

7
%

5/
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A. Compare Beam Spot measured by Viewer and Tracker

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

\ \ ‘ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
-10 -5 0 5 10

Horizontal position
* |n this measurement, Fluorescent viewer was removed

and Be 1mm was inserted.
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A. Compare Beam Spot measured by Viewer and Tracker

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

\ \ ‘ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
-10 -5 0 5 10

Horizontal position
* |n this measurement, Fluorescent viewer was removed

and Be 1mm was inserted.
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A. Compare Beam Spot measured by Viewer and Tracker

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

\ \ ‘ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
-10 -5 0 5 10

Horizontal position
* |n this measurement, Fluorescent viewer was removed

and Be 1mm was inserted.
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A. Compare Beam Spot measured by Viewer and Tracker

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

50
40
T S 30
o= - e - 20
|| || - .- || =
Im
| | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | 0
10 5 0 5 10 15

Horizontal position
* |n this measurement, Fluorescent viewer was removed

and Be 1mm was inserted.
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A. Compare Beam Spot measured by Viewer and Tracker

WEBT—

v 7 2023 @ A, T1E

Change optics and compare
ﬂuorescent viewer image of primary beam (Kr36+)

Fluorescent viewer (Kr36+)

Gas tracker (Kr34+)

Vertlcal posrclon

_15 \ \ \ \ ‘

Horizontal position
* |n this measurement, Fluorescent viewer was removed

and Be 1mm was inserted.

o2
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>V faRmD LB

LCB IZ&

5175 B DiEL (objective function: fsum/ phase ellipse C)

Lower Confidence Bound (LCB) / B

= 100.0

Graph

H2_diff_Q

I
o
)]

kl,,'l]*{*_:'ailll]l

ve function
- |
| I T 1 | I |

I
N

objectl

L

SO far best

0o
(3]
J

4

H2_diff_Q

rsin 6

(=

50 1 00

PR N T S T SN NN SR SR TR SR NN T W'
150 200 250

epoch

300

o

01111!1111

3 e R G PT oA RN REeReRRe O A RN RN AR RE S e e e e et e e e et et et et ettt et et e et e et e e ettt eres
: ™ : : : :
: ® : : : :

P NN ENRRRN ENN LU SN SN N S

1"'"'"' """"" o e :f:““ """"""""""""""""""""""""""""""""""""""""" """"""""""""""""""

05 -..- ..................................

Mean x
- | Meany

L P
| StdDevy 0.3394

300
1.361
1.841

Entries

Std Dev x 0.1442

—

Qn0rm

1.5 ................................... .......... 8.0 ................................... .................................. .................................. .................................. r

1”'1.5 >

rcos 6

|
2.5 3 3.5

epoch

transmission

RYICHE%R
HBAEHD

51

-2.40

0.966

0.59

0.92

best

290

-2.55

0.960

1.05

0.31

03
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B INAIN—INFGAXA—=ITDIZIaL—Ya VRO

LCB IC&IFT5 B DEL (objective function: fsum/ phase ellipse C)
Lower Confidence Bound (LCB) / 8 = 100.0

KZFm= 1(89 epoch) KFm=3 (243 epoch) KZFm2 (290 epoch)

SRCBIGRIPS BEAM PLOT XX XX XXX YY:YY:YY SRCBIGRIPS BEAM PLOT XX XX XXX YY:YY:YY SRCBIGRIPS BEAM PLOT XX XX XXX YY:YY:YY
T 717 | | 7] |'7'| M | | T |77 | 71 71 V7 17 | | 77| |'7'| uinm | | T |77 | 71 71 7 17 | | 7] |'7'| M | |
1 (4 4 %) (A 11414 1 (4 114 I|%)¢ | (11414 14 ( %)
N
x o x — f’ x =T
=A = — |
S — s g
x x x
o o o
3 S — 3 S= = 3 —
S ~ S ™ S P
3 3 3 g
7 7 7 7 717 7l 71 7 717 7l 7 717 7 V1 7 7 7 7 7
_ A U | | 4 |z | L] | | _ |zz | U AU | | zz| _ |zz | ANANA AU | | # |z | L] | |
nZ nZ (< n=Z n=Z nZ nZ w=Z (20
83 83 83 83 83 83 83 83 83
6‘2 6‘2 5‘2 = 6‘2 az 6‘2 = 6‘2 6‘2 6‘2 =
T | M o T ] B R o T | oM ]
o o o o o o o o o
T ‘7777‘ 71 V1 7 717 ‘ ‘ 71 7 ‘7 ‘ nimm ‘ ‘ T ‘7777‘ 71 71 V7 717 ‘ ‘ 71 7 ‘7 ‘ ———‘ ‘ N ‘7777‘ 71 71 7 17 ‘ ‘ 71 7 ‘7 ‘ uinm ‘ ‘
A 14 11414 1 (4 14 4 A 14 11414 14 1 4 A 14 A1 14 14 4
< < <
= = P = ™\
= > r~ e > N~ Pe—N
< < < \}
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