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HLA development requirements
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Introduction to HEPS ,.=

HEFS

High Energy Photon Source One of the world's brightest fourth-generation synchrotron light sources

. ————

E(GeV)

C(m) 1104 844.4 528 518 1360.4
Lattice 7BA 7BA 7BA 5BA 7BA
Cell 40 32 20 20 48

Storage Ring Emittance 42 150 330 250 34
&Experiment Hall % (pm*rad)

Brightness > 1022 > 1022 ~10%21 ~10%' > 10?%

A Construction 2018- 2015-2020 2010- 2015- 2019~2
period 2024 2016 2018 025

2025.10.29 HEPS has successfully passed the process qualification and acceptance



- Introduction to HEPS

- The emittance is reduced by lor 2 orders of
magnitude, approaching the X-ray diffraction limit

-> The number of magnets increases by an order of
magnitude

3rd
generation

=t

Layout ) 1 mm
Beam Profile

HEPS is currently the largest
accelerator facility in China.

» High control complexity

» Large scale of control variables
» High precision control required
» Large number of HLAS required

(/\_
More than
2,000 power

\supplies.

o

Storage ring
C=1360.4m

Booster 0.5-6GeV
C=454m

LB



High Level Application (HLA)

Application-layer: integrates low-level devices with physics algorithms to monitor, analyze and

control accelerator operation — the accelerator’ s

Low-Level Hardware

diagnostics « devices « raw signals

Physics & Control
Layer

Data
fusion

+ algorithms

control
communication

EPICS / APIs / HLA
framework

BPM Magnet / Power Supply

Core message: HLA bridges physics models and accelerator devices, enabling simulation, optimization,

» Physics models »

lghtness

“central nervous system” .

High-Level Application

beam performance « operation decision  closed-loop control

Closed Orbit Correction Lifetime Estimation

\ ““‘/\1 \/ N'\ V~'«~f\‘~,a'—_‘_*,~
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Energy / Spread Analysis Emittance Measurement

A
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feedback, and operation analysis over a large-scale control

system.



High Level Application

What HLA does The overall structure of control system
Focuses on physics processes ' )

rather than device-level ot R oyt I
' l BN

control. P
Optics Measurement 5y
Shared
Server 0 - sl —
o Physics Application ; Control Softwares e
Knob Applications & ey DB

Storage
PyQt5/pyDM CSS/pyDM

I
I
T

[ Optimization ][ Simulation ]

Feedback Operatifm
Analysis

S

. . Injection and Booster » . ) ) o
1-B/B-I Eritentiten Conitol] Ramping Timming Alarm/Monitor Middle
W 10C/CA 10C/CA 10C/CA 10C/CA

10C/CA 10¢/CA 10C/CA 10C/CA Layer
]
]
‘ i _1

Why it is challenging

® High control complexity

10C/CA/ 10C/CA 10C/CA 10C/CA

10C/CA 10C/CA 10C/CAS

® Large-scale control variables

Power Supply of
Injection and Extraction

Virtual
Accelerator

Static Power
Supply

. . namic
Diagnostics Dy Vacuum Others
Power Supply

PyAT/

Legend Ocelot

Network

® Strict precision and reliability [~~~/ 1| R =1
IO(/CA EPICS Channel Access (V3) - Physics Group ¢
. M a ny d ed |Cated H LA EPICS PV Access (V4) - Control Group Hardwares of Accelerator
programs e

Core message: HLA bridges physics models and accelerator devices, enabling simulation, optimization, feedback, and operation analysis over a large-scale control

system.



High Level Application

A reusable software framework that packages communication, online physics models, visualization,
deployment, and data services for accelerator high-level applications.
Development Challenges Framework Capabilities
Traditional HLA development often repeats the ~
same engineering work for every new S EPICS CA/PVA access, device
application. n e abstraction, unified parameter
| communication | .. o
“ Physics target & operator Systematic . 5 el I
requirements . . Invoke optics models, simulation,
i H LA | n zr:)l::;‘e?sphys'cs analysis and feedback algorithms
Y Framework gl online
Optics / feedback / . . o
optimization logic Interactive user Visual panels for tuning, monitoring,
interface diagnostics and operator workflows
v
L EPELICET) Communication, GUI, Service Server-side execution, scheduling,
n server, database n deployment reliability and long-term operation
i .
T Real-time database connection
. Deployment, reliability, Data . 2 .
long-term maintenance n management Ircégg:gg archiving and reproducible
\
Key bottleneck:

duplicated engineering, fragmented
interfaces, and difficult maintenance.

Applications become faster to develop, easier to
deploy, and more reliable to operate.
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Pyapas for HLA development




il |
» A Pure Python Framework for High Level Application
Development.
Python-based Accelerator Physics Application Set (Pyapas)
* Modular Design
* Model-Based

* Based on Physical Quantities

(D Dual-layer physical module

@ Friendly user interface module

(3 Hardware communication module
(@ Database connection module

®) Client-Server development module
® Various phyiscal algorithm toolkits

Xiaohan Lu, et al, “A new modular framework for high-level application
development at HEPS”, Journal of Synchrotron Radiation, 31: 385-393, 2024.

New HLA framework: Pyapas

Scr

)
o  HEPS

Pyapas framework

[~ Cient/Server Module

| Client Applications 4:—» Server Applications |

[— —_ ===

| —> Ocelot
| |
| Sextupcle Wl Corrector |
| l — Others
| |
I i ! e Conversion Mociule|
| |

Low level device control system

i e Pt
| Communication Madule }*
| ]




Low-coupling dual-layer physical module =’
. L HEFS
Device Mapping Layer r

|| [Cconnector |

Physical Model Layer Calculation phvsica|

» Ocelot The “Connector” is

> PyAT responsible for invoking = =

» Custom model simulation algorithms Abstraction of the Hardware

\Fv‘ S
§
: In¥ 2}:

biT A
¥

Astract Object:

Name/Position/Length/
Field/Channel/Type/PS/
Physical parameter 11




- Low-Code development

Customize widgets for HLA development

“Drag and Drop”

I - o< oo

- Linac Controlier

—

Tyl as v

= Horizontal Line
I vertical Line

Time Stamp:
| opencL Wwidget
QQuickwidget ipole  Corrector Solenoid AM
© Qwebview
A = ition Ir

¥ NewQPushButton

,__‘ NewQSpinBox

,:‘ NewQDoubleSpinBox

.'_Q‘ FilterList
E'a FilterTree
E'a FilterTable
D Mplwidget

PR6

v Plot Raw Data

v X Distribution

v Y Distribution

[a) PyQtGraphwidget
() LatticePlotwidget
Consolewidget
ParameterTree

P yupee s vy

@ IndicatorChannel
:1 UlContainer
¥ channelLabel
:‘ ChannelEditor
> ActionButton
@ ChannelButton

oo ChannelCheckBox
|/ channelPlotwidget

"T R¥Charemnt |0.000 | +0.511 & Set 0.000 IO.SH HO.SH HOAOOO HOOOOO I
P imagechannelPlot d [ ’

B

Calibration X width:

+0.00 mm * YWidth: +0.00 mm * ApplyCalibration‘T

Apply Model

t Name [Model Value | [E Set Value [MeV] | BL[T*mm] [ E SpRb | [E Monitor] [EError | [1SpRb ][ AP/CA

Form : QWidget
Property

objectName
windowModality
enabled

~ geometry

width
Height

~ sizePolicy
Horizontal Policy
Vertical Policy
Horizontal Stretch
Vertical Stretch

* minimumSize
width
Height

* maximumSize
Width
Height

* sizelncrement
width
Height

* baseSize
width
Height

palette
* font

Objec... = Prop...

Signal/...

More than 20 pre-built widgets
for rapid development.

Form

> filterable list, table, tree

» Plot widget for physical
image, e.g. plot
prameters with lattice

» Widgets with channel
property to interact with
PV directly.

0

0

Inherited

A [Ubuntu...

AL... Resour...



- Low-Code development

Widget Box

[Fier

P Vertical Slider
Key Sequence Edit

- Display Widgets
) Label

Text Browser
W Graphics View
[2] calendar Widget
LCD Number

Progress Bar
= Horizontal Line

Vertical Line
OpenGL Widget

- Pyapas
Q0 NewgPushButton

[ FlagaCheckBox

= NewoSpinBox

= NewQDoubleSpingox
T NewoLineEdit

I:E NewQPlainTextEdit
] uicentainer

MultlineUIContainer
MultiWidgetContainer
InfoWidgetArray
CheckBoxCaller

(@ RadioButtonCaller
= subWindowContainer
T, TableUiContainer
=3 FilterList
FQ FiterTree
EQ FiterTable
W\ moiwiget

Pyapas-pygtgraph
[E4) PyQtGraphwidget
4] LatticePlotWidget
[E4) ImageViewer

ConsoleWidget

ParameterTree
ExtensibleTreeWidget

- Pyapas-Channel-Widgets
@ IndicatorChannel

B channelLabel

= ChannelEditor

B> ActionButh

L channetButton

8 ChannelCheckBox

FB channelTableview

L/ channefplotwidget

IS xvenannefPiot

P imageChannelPlot

2 B

label_29 =

(=]

=/

enabled

» geometry

~ sizePolicy
ARG
R
ESall
EEPR

~ minimumsize
RE
BE

~ maximumsize

sizelncrement

baseSize
palette
~ font

TR

s

FIEEE

AR
cursor
mouseTracking
tabletTracking
focusPolicy
contextMenuPolicy
acceptDrops
windowTitle
windowlcon
‘windowOpacity
t00lTip
toolTipDuration
statusTip
whatsThis
accessibleName
accessibleDescription
layoutDirection
autoFiliBackground
styleSheet
locale

windowFilePath
inputMethodHints
windowModality

[0, 0), 1491 x 986]
[Preferred, Preferred, 0, 0]
Preferred

Preferred

16777215 x 16777215
16777215

16777215

0x0

0x0

i

A [Sans, 10]
Bitstream Charter

10

200

b sk

m]

O

NoFocus
DefaultContextMenu

Form

1.000000

LeftToRight

Chinese, China

ImhNone
NenModal

SMRHER | WUGES | ES/MERE

13



Real-time Data Interaction System >

» Design the communication structure (active and passive channel data acquisition) )

______________ 1
|

| _ ch | v The 'Singleton Factory Pattern' centrally
| Addlistenerto | el - '» Data Process manages interaction channels in the
| onechannel |~ MERENET program, avoiding redundant creation

and improving interaction efficiency.

v The channel factory has namespace

functionality
M—» CA Protocol §

NodeName xAvgChannel Value yAvgChannel

T T \ 1 RO1BPMO1 R:BIRO1BPMO1:x -0.00024846263641131787 R:BLRO1BPMO1:y
| C reat e/ Dest roy | \4- 2 RO1BPMO2 R:BIRO1BPMO2:x -0.0007405004049405429  R:BI:RO1BPMO2y
| | < | O CS 3 RO1BPMO3 R:BI:RO1BPMO3:x -0.0003863998687952148  R:BLRO1BPMO3:y
| 7 4 | RO1BPMO4 R:BI:RO1BPMOA:xX -5.57367509261469€-05 R:BIRO1BPMO4y
| /M a nage ! L, 5 RO1BPMOS R:BI:RO1BPMOS:X 0.00019363297907922127  R:BIRO1BPMOS:y
b o e o e _! ,’ 6 RO1BPMO6 R:BI:RO1BPMO6:X 0.0003999152633156065  R:BIRO1BPMOGy
PVA P rot OCO| 7 | RO1BPMO7 R:BI:RO1BPMO7:x -0.0002012937695207042  R:BI:RO1BPMO7:y

8 RO1BPMOS R:BI:RO1BPMO8:x -0.0003712213026685325  R:BLRO1BPMOS:y

9 RO1BPMO9 R:BI:RO1BPMO9:x 0.0003782940324338285  R:BLRO1BPMO9:y

10 RO1BPM10

11 RO1BPM1

The Channel class contains the EPICS communication L One application can

13 RO2BPMO1

interface responsible for specific communication with the I0C | = === smoothly run while

15 RO2BPMO3

" e Monitoring 10,000 PVs

18 RO2BPMO6 rRLRVEDrIVYLA

rLeLRVEBr UYLy




- Client/Server Module £,

MDNS +XMLRPC

The system autonomously detects active
Pyapas applications on the local area
network and tracks their health and status.

These features are packaged into a full-
featured Server class, allowing any subclass
to instantly become a functional server.

File View window Help I LunCher

HOME

Apps Running Apps
Filter:

AppName HostMame(Address)

Pid
1|LauncherController lenovo-pc(127.0.0.1) 1033990

Launch Time

luxh@lenovo-pc: ~fworkspace /pyapas/pyapas/apps/test_room

' | ;

15



Multithreading-based scanner p =

Python's GIL locks up the Ul during single-threaded scans, as the loop cannot be
paused. This requires a forced close of the program, which is impractical and risky
in a live machine setting.

A universal scanner was designed to address this limitation

Main Thread scan Thread DAQ Thread

Add scan information Add Monitored Channel

v

Signal/Slot

<&

\4

Signal/Slot

Scan Control/ Start /Stop

Signal for Data Acquisition

\4

Send data upon completion of
all scan commissions

Send data step by step

16
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HLASs development for HEPS based on Pyapas



> Linac Virtual Accelerator

» Transimission Efficiency
» Emittance Measurement
» Orbit Correction

»Phase Scan

»Energy Spread
Measurement
»Beam-based Alignment

> Linac Control

LB Virtual Accelerator
Emittance
Measurement

Orbit Correction
Beam-based Alignment

Local Orbit Correction

HLA Development for HEPS

Booster

Storage Rl

All HLAs are developed based on Pyapas

More than 40

YV V.V V VYV V VY V VY

Lattice Preparation

Booster Virtual Accelerator
First Turn Measurement
Dispersion Measurement
Chromaticity Measurement
Tune adjustor

Global Orbit Correction
Local Orbit Correction

Beam Lifetime

YV V V V V V V V V V VYV VY

Lattice Preparation
Booster Virtual Accelerator
First Turn Measurement
Dispersion Measurement
Chromaticity Measurement
Global Orbit Correction
Local Orbit Correction
Beam Lifetime

Orbit Display

Slow Orbit Feedback
K-Value adjustor

Fast BBA

10




Design of A Multi-User Virtual Accelerator S

- HEFS

» Create virtual hardware to simulate real machines, providing .
corresponding PV channels and beam information C/S Architecture

v Multiple tasks
Client VA Manager VA Configure i MU|t|.p|e tasks |
. running concurrently

v Multiple users
. operating
simultaneously

v Unified management
with one-click start
and stop

Within the same network environment or on the same server, any number
of virtual accelerators can be launched without conflicting with each other

19



Virtual Accelerator of HEPS

Virtual Accelerator

File Accelerator Simulation View Window Help

HOME

> Si n g Ie P arti Cle Trac ki n g 10C Prefix luxh http://10.1.46.218:33051 Errors Stop Stop and ShutDown

| Parameters = Simulation = Diagnostics | OrbitPlot | Beam Profile
> M I i - P i I T k. ProfileMonitor: Current Energy in the end of the selected sequence: 521.08912 MeV Background Noise Remove: 0.5 =
ulti-Particle Tracking .
A €I Q=L DB
> Vritual PR

> Full feature 10C

> Errors included

—0.0075

—0.0100

—0.004 -0.002 0.000 0.002 0.004



Example of a Linac Emittance Measurement Application

Bunching section

Haadiei! REESa i S L e RS
I | ‘ 199.8MHz |

6MHZz 2998.8MHz

| | L€
[ Gun T FSEE SHB1 sHB2 | pun [BUN

Main Linac

56 \
R s el i R T e s s T e s bt e Sl 4 i

LABPM1 LABPM2 A LACH1
LAICT1 LAC3 Qc
LA‘BP‘M3
LAICT2
5 R, R, R, e
Sy R, R, Ry
1= ) . N ac
: ve 2
0
Srr Rnl Rr: 2 RH3

N

Fitting online

LAQF3
LABPMS
LAICT4

LAQF2E
LABPM4
LAICT3

Rnp = M[1,1] xM[1,1] |step=n
an = —2% M[L 1] * M[l; 2] |step=n
3 = M[l; 2] * M[L Z]M[l, 2] * M[l, 2] |step=n

Real-time online calculation

calculator = TwissCalculator()

init_parameter = TwissParam()

accelerator_manager = AcceleratorManager(lattice path)
accelerator = Accelerator_manager.get_accelerator()
sequence = Accelerator.get_sequence('Linac')
load_init_params(sequence, init_parameter)

L sequence.sync() # get the live value from real machine
width: 1280 - Method: Gaussion Fit - Noise: 1D 0.6 v background Rotate Start save pic .
# call phystcal model
Y - . 1 1

view: 24934 |mm 187008 | mm physics_cell = write_cell(sequence, 'ocelot')
Scale: 11 11 ) T
i YT i 5 i results = calculator.calc(physics_cell, init_parameter)
Mean: -1.622 mm -2.048 mm

.-

Measurem
ent point

\\ LBBPM1
LBICT1

Profile
Monitor

Measured Result

Fit and Plot

e QA= B

21



- Pyapas-based HLAs for HEPS

» All the HLAs are developed based on Pyapas

» All the HLAs will be tested on the VA before deployment

Linac ——— Energy Measurement Booster Contro| reentels
Control e i [ - o e _

Energy Spread (W) 044 etee 1087

Virtual Accelerator

mping Table Index Tune X Tuna ¥

#eE> Q=B

#es kaz=en Ml mes +Qzen

I
nlf V) v "N’.' :"f~ sho * Into Tuning mede |Into Ramping made
SRR iy 1y
!
g’ [
] I
3 T T S e Operaion
&, .—-‘»,.-f.. W/ "\.‘"‘; i\ ,"’J,"‘i “,-r‘!‘ = wsarsp
5 ! Vi {00 Famais e e
- 1 | [E—
FE——— = = ==mes |y
~ Fist Turn Orbit Display e
Bk Dam . it Display
Analysis : i
Peak 1738 mm Peak 2386 mm - e
Horizontal Rms 0418 mm Vertical Rms 0495 mm =
Avg -0.072 mm Avg 0053 mm

E ol

E o

X a1

ROI R4 RO7 RIO RI3 RI6 RIS R2 RS RM R} RM RY R# RO R4

(K]

5,0 5 1 o o i i 55 i

A
ROI R ROV RO RI3 RI6 RIS R2Z RS R38R RM R R RO Ré6 I A P A R N ]

CEPTE T T T T DR TP TP PR P PR T T

165130 165500 165530 188600 165630 185700 165800 165530 165000 163830 170000 170D

Y.L. Zhao et al., Journal of Instrumentation, 2023; Y.M. Peng et al., Journal of Instrumentation, 2023;



500 MeV, ~2.5 nC
1st electron beam

500 MeV, max bunch charge > 7 nC
LINAC passed SAT

Ramped to 6 GeV
1st electron beam in Booster

>5 nC of single bunch charge
Booster passed SAT

3.9 3.14
LINAC CX started

1.25

E-;-.¢}+}.+|{f~+|**.u

Current: ~0.4 mA, Life time: -1 min
Multi-bunch stored

Signai of 2" turn |

T

One bunch stored

First turn

Booster CX started

8.9

Current: ~12 ma, Life time: -2 min

12 mA stored

100 mA, Emittance: ~100 pm

100 mA on Sept.12 2025

Current

Comm.
Started b0 ’ ’ . 2025.10
7.23 7.29 8.4 8.6 8.8 8.15 8.18  First light -
10 turns 1000 turns 7 mA. 2 min LSS0 passed the process
qualification and acceptance
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Machine Learning Application at HEPS




Al for Facilities: A Blueprint for Intelligent Accelerators

Al-Ready Data

edict Standardized, reusable,
Pf
traceable
Digita
Multiscale Model = Dynamic Model Conxgsn:;nmg
I nss%ied Digital Twin
Surrogate Model ~ Known physics New physics Virtual-real mapping, closed-
loop optimization
*
Large-scale High-quality Al-ready Data
Multimodal Data (Numerical, Waveform, Image, Audio, Text) \
FAIR Principle (Findable, Accessible, Interoperable, Reusable) w Fau It P rEd ICt ion
—— Early detection, early warning,
3 early intervention
Prognostics and Health Management (PHM) Interactive Control & Decision Support
Fault Prognostics Fault Diagnostics Sgifzi;:mmn Logbook Literature
Intelligent Inspection Health Monitoring Multi-agents Large Language Model Intell igent contrOI
Automatic optimization, decision
support,

human-machine collaboration

. High-Performance Al Algorithms and Open Interfaces and Network and Security
Technical Data Platf d St P
Sec nlc? @ Computing Pratform jas 'a’zrr: ar']’ Fil DO‘rage Model Library @ EgrtvygllseKEf'OFS),IStr}em f\SSU:;al?CI(/?I lation / Auditi
me-Series elational e Data N ccess Control / Isolation ni
uppor Simulation and Training Acceleration ! ! ! ! Surrogate Models and Intelligent Algorithms S S / Toolchains i uditing




S
) - s s
Hr oA

HARFIER

Distributed and Strong System Coupling
Heterogeneous Data Sources

Diverse Data Types

[ The key question is not whether data exist, but whether the data are standardized, time-aligned, and quality-controlled. ]

I . Dirticulties In
Heterogeneous o nconsistent Correlation
Data Sources Standards Modeling
Kev Prioriti - ope . . Traceability
y Priorities for Building Unified Data Time Data Quality .
Al-Ready Datasets Acquisition Synchronization Standardization  Labeling aRI;usability



FARAD: Generating Al-Ready Datasets under FAIR Principles

Based on the FAIR principles, heterogeneous raw data from multiple sources are automatically governed, integrated, processed, and
packaged to generate standardized, traceable, and reusable Al-Ready datasets.

Heterogeneous FARAD Core Capabilities
Al-Ready Task-Driven

Multi-Source

Data Governance and Generate datasets
Raw Data ey Generation Platform — Datasets by scenario
Multi-Source Access
Unified access to

operational data

Standardized Governance
Cleaning, sync,
integration, labeling

Platform Prototype and Application Validation

FARAD TASK Manager = Hello, admin ) = FAIR Principles
m:'"" Task Overview =
- » - 2 . Findable Accessible
Unique IDs Standard
: Rich metadata protocols
e . - . O Interoperable Reusable
- Common formats Clear licenses
f——— Metadata schema
o e B N Data provenance

FARAD Platform Homepage Data Task Management and Generation Workflow



ML .-assisted optimization of nonlinear beam dynamics
m

Two related works improve multi-objective optimization for HEPS lattice design.

An improved front is obtained with the M2 method g e e Pt et
—_ - - - . g o,
= -8.02 -8.02 - =08 80} S:08 80 F-08 £ AU <1
2 - Standard NSGA-II - Strandard NSGA-II 2 2 2 Wi
-0.9 60 -0.9 60 -0.9 P
° cmmminy | M1 - M2,casel B B B
= -804 : -8.04"".\4; < M2,case2 5 - 0 5 - 0 F -l am
- ; ‘S 3 S
g 3.06 itles 2.06 "3{-“ M2 case3 %11 0 %l 0 F-11 .\
g IL- . . . 05 . i . 2 [MOPSOIMOGA ——
o T g 085 08 075 07 -0.65 085 08 075 07 -0.65 085 08 075 07 -0¢
E ) \
£ 8.08 3 -8.08 ; -weighted DA (mm?) -weighted DA (mm?) -weighted DA (mm?)
% 2 - 1 81 ) | 0.7 100 07 2 100
= -8. » 4= -8. R 5 &
NQ' rees ¥ * . =-08 80 =-08 o WY 80
% -8.12 -8.12 E .09 0 E-09 \‘ ! 5 60
TSl 105 -1 =095 <09 . ) 0.9 g 3 Y
J = = A
(a) fl(mmz) (b) & R I : 40
7.1 ; 20 F-11 J 20
; ; | CEMOGA  "VWFIeh") | NBEMOGA "P¥ie
ML-enhanced selection of repopulation pushes 12 os oo a7 o 0 M e T
. . > : 2
the brightness-DA front. NI e A Lt

NBMOGA evolution for DA + TL optimization.

+0.2 mm +109% ML is used to generate or screen candidate solutions, not

. . o _ to replace the final physics evaluation.
vertical DA improvement Touschek lifetime gain

The optimization data accumulated during evolution
becomes useful training data for the next generation.

Wan et al., NIMA 946 (2019) 162683; Wan, Chu & Jiao, Phys. Rev. Accel. Beams 23 (2020) 081601.



- Fast dynamic aperture evaluation

Instead of massive particle tracking, the method tracks a small labeled subset for long-term

survival and uses short-turn trajectories to classify the rest.

(a)

(a) Bare lattice
long-term ——W/ Physical aperture

=3 tracking 7Z3 3 — o

g > £ Off-momentum, §=1%

= S ’é\ ——W/ Error seed
global ! | ! E 2

| S—
one-turn ol A I -
tracking -5 0 5 5
& x(mm) X(mm) 1
s 5

specific Unlabeled (c) * Predicted lost (d)
long-term 4 « Lost +  Predicted surviving 0
tracking * Surviving

g3 . =3 -3 0 5

g train g

»2 predict ~ > X (mm)

|
0'— =
5 0 5 -5 0

(b)

= =:AVGA: 95.56%
==:AVGA: 95.12%
- = -AVGA: 96.38%
= =-AVGA: 96.52%
sy _
s =

LR
! WA
wo

1
o W
F | wol

AR Wl

-5 0 5

x(mm)

Real DA vs. Predicted DA

x(mm)

x(mm)

5-10%

long-term tracking

Workflow: conventional long-term tracking vs
ML-predicted DA boundary

~95%

prediction accuracy

~10x

DA evaluation
acceleration

A similar work is implemented for fast local momentum acceptance (LMA) evaluation for the HEPS

Wan & Jiao, New Journal of Physics 24 (2022) 063030; Bao et al., Physica Scripta 100 (2025) 076018.




i Taal ] i i .
Bayesian optimization for beam lifetime 5
. | el e |
BO is implemented to optimize beam lifetime by tuning the sextupole strengths
[ Initialization A
Set up a Gaussian process (GP) model, and
_ select an acquisition function (e.g., El).
( Initial sampling A
Randomly generate initial points within the
L parameter space )
e * )
Evaluation objective :iﬁ;‘if‘oi
Beam lifetime measurement ol B ER R R R SRR R RS R R R T EEEEEEEE T
\ ) update IR R
1 ~ 1 Beam lifetime is improved after ~30 iterations.
Model update Currently, beam lifetime is determined by many
Update the model with new results : : :
) factors. Simply changing sextupole settings may

Yes No

End Je— 7 siop AN

be insufficient for the optimization.



ML-based fast orbit feedback for HEPS

Use neural network to replace explicit response-matrix/PID dependence

Fully Connected Layer Computation
576 sets of (x,y), input matrix of size [1x1152]

1 P / i matrix multiplication

1152 inputs to 16-0utp111t fully connected layer | ) /‘/ FYToTS S

16 inputs to 64-output fully connected layer >/ intermediate result matrix
1 s ‘ . ReL.U activation

64 inputs to 384-output fully connected layer "~

W s 1 o output matrix
R - S
. Output matrix of size 384
HEPS FOFB topology: 576 BPMs,
384 fast correctors. MLP algorithm structure for FPGA deployment.

ML-baseg¢ FOFB results

The current HEPS FOFB system relies entirely on a response-
matrix-based approach. We are exploring how Al can be effectively
integrated into orbit-feedback tasks.

Orbit (pm)
(=]

'l‘in;e (s)

Li et al., Journal of Instrumentation 21 (2026) T03012.




A convolutional neural network (CNN) is designed to identify early parameter deviation and
IGBT open-circuit faults from single pulse waveforms, under strict real-time requirements.
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Learned feature separate fault classes

It reached an accuracy of over 98% for early parameter deviation fault identification for
electromagnetic emission current source and klystron modulator

Shi et al., IEEE Transactions on Industrial Electronics 73 (2026) 6428-6439.
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Conclusion



Conclusion

» A brand-new framework, Pyapas, was developed based on Python to enhance the
efficiency of HLA development.

» Pyapas has been successfully applied to the development of HLAs for both HEPS
and CSNS-II, greatly improving development efficiency.

» Pyapas is one of the very few frameworks applied to HLAs development for proton,
electron, and pwfa.

» Machine learning has been applied in the design and commissioning of HEPS, with
promising initial results. Further research will continue in the future.






Neural network-based MOGA
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NBMOGA trains a neural network from early generations of MOGA data and uses it to estimate objectives for a
much larger offspring pool.

Only a selected set of competitive candidates is evaluated with the real accelerator evaluator, reducing wasted
tracking calls.

Compared with MOGA, MOPSO, MOPSO+MOGA, and CEMOGA, NBMOGA improves convergence and diversity;
in the HEPS case, TL improves by about 10% at similar DA area.



DA evaluation details

Unlabeled data
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FOFB model detalils
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10. Comparison between simulation and deployed model outputs (left: overlaid waveforms
Figure 2. MLP neural network structure. 1cy scatter plot), showing excellent agreement with MSE = 0.000083 and R? = 0.999999.

. Simulation vs deployed model consistency.
MLP structure: 1152 input nodes -> [16,64] -> 384 outputs.




