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» DAQ
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& Architecture design
& Software (Radar) development

»V2: " implemented features
»V3: J ongoing research activities
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Overall Design of TDAQ and Online
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CEPC Detector Requirement - Data Rate

Detector . Rttt »|_L1 Trigger Electronics & TDAQ HLT | N q
Higgs mode: 1.3 MHz (600 GB/s) 50 kHz(49 GB/s) 1 kHz(1.5 GB/s)
lowLumi. Z: 12 MHz (14TB/S) ownsese oo
High Lum'Z394MHZ(4OTB/5) __________________________ 4OOkHz(555(3|3/5) _____________________________________ 80kHz(1GBGB/s) ------
Bunch crossing rate(Beam background data rate) L1 trigger rate(Readout data rate) HLT rate(Storage rate)
Table 12.4: Trigger rate estimation table for different run conditions. The physical event * Event storage ratio for bkg/phys <1

rate is introduced in Section 12.1.1.1. The detailed readout rates of each sub-detector are
shown in Table 12.12.

Operation phase I I 111 & Readout 50-550 GB/s
Condition Higes Z (121MW) W  Z (50 MW) tt St 15-160 GB /
r No ko
Non-empty bunch crossing rate(MHz) 1.34 12 6.5 394 0.17 @ orage >
Luminosity (10*'/em?/s) 8.3 26 26.7 05.2 0.8 . . :
Physical event rate (kHz) 0.5 10 1.1 40 57x1072 ¢ Online processing (HLT mCIUded)
L1 triger rate (kHz) 50 120 65 400 2 . :
DAQ readout rate (Gbyte/s) 49.0 72.8 - 555 - ® Scalable’ 'f I€X'ble for pOSSIbIe full
HLT rate (kHz) | 20 2 80 | software trlgger upgrade
Raw event size (kbyte) 1453.5 801.1 1500 2042 1000

DAQ storage rate (Gbyte/s) 1.5 16 3 163 1 2025/6/17 4




DAQ Architecture Design

v Seamless HW/SW trigger compatibility

& Smooth upgrade to full-software triggering

¢ Infrastructure Foundation
& Full COTS(commercial-off-the-shelf) hardware
& RADAR software framework
& Heterogeneous computing platform
® Two-stage HLT design
& 1%t fast reconstruction
& 2" full reconstruction with online calibration
® Decoupled scheme
& Memory/disk buffering pools

¢ Environment-agnostic compute

& Online integration of offline algorithms

Back-End Elec & Trigger System

v

First Level Process Nodes

Data Preprocessing

Event Building

Fast Reconstruction

Event Filter

Heterogeneous Computing Platform

v

Buffer

Memory or Disk

Calibration

Alignment

Y

Second Level Process Nodes

Full Reconstruction

Event Filter

Heterogeneous Computing Platform

s

Storage




Streaming Readout Framework - Radar

heteRogeneous Architecture of Data Acquisition and pRocessing

Version Deployment Data rate Trigger mode Key updates
Vi LHAASO ~ 5 GB/s SW Only - Baseline implementation
V2 JUNO ~ 50 GB/s Hybrid ® Containerized
® Partial HA
V3 CEPC detector ~ TB/s Default HW + ® Heterogeneous processing

(Dev) (Future) Possible SW ® Full HA

2025/6/17 6



Introduction to Radar V2

General-purpose distributed framework Data Flow Software: process data

~ Transport layer — ZeroMQ

Process Algorithm Plug Modules

Services — Kafka / ZooKeeper based Read Out Plug Modules T T
CD SPMT TT
Event Build MM Process
Online Software: management & services oL CCSN Online Monitor
Software Trigger
HTTP Interface
Message Process

Servicge Manage:ment

Senvice I:/Ieggﬁll:et > Assg:'ltgling =P DiE;atn:ch m St[c::;;e

Distributed Framework

Process

Management Data Acquisition Utility Modules
Interface

Message
Interface

Interface Interface

Data Flow Software

Running at JUNO for > 0.5y for commissioning




Data Flow Software

ROS: ReadOut System
DA: Data Assemble
DP: Data Processor
DS: Data storage cizzzzzzzzp

& Lightweight structure
& ROS + DA + DP + DS

Data Online
P - Assemble

& Plug-in modules design

Data l

M AL Data Processors Process o
anager rrnrrnnnns »> (Farm) Algonthm

l | “p

U » | Data Storages

. Radar Data Flow é

& Integrate customized readout /
processing modules

HEE
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DAQ Data Assembly

DFM message

Raw data

DFEM

ROS

DA

(

Readout Elec. ] Raw data stream

U

ROS
Fragments

U

Timed Fragment

|
channel 2 L Raw data

10 ms

——

Raw data

| | Raw data

Raw data

Fragment

TF Fragment

® Assembled by trigger ID or timestamp

& HW / SW trigger supported

& Uniform processing triggered & trigger-less data

® Multi-level assemble — ROS + DA

channel n-1
channel n



Online Data Processing

Data processing is flexible, configurable

Preprocessing Algorithm | Customized algorithm

Multi-stage data processing:
aveform Event MM Event .
E\/ Assemble ] [ Assemble ] [Software Trlggeﬂ [ ] 1 1
Data preparatlon / preprocessing

Core event processing

Preparation Compress —> Event Output

» HLT algorithm can be integrated
Data Input 4)[ Event ]—) Event Process —>» Event

= Parallel processing

Interface provided

Customized algorithm

I
[
[
[
Event MM Event . . .
[Reconstruction] [ Process J [CCSN Monltor] [ ] : Plugln algorlthm deployment
I
I

Core Processing Algorithm

e CCSN: Core Collapse SuperNova
e MM: Multi-Messenger
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Online Software Overview

Data Flow Software

WEBI/CLI

i~

Supervisor

A4

sl APl Gateway
: <<Java App>>

Run Control INF

<<C++ library>>

Configuration INF
<<C++ library>>

Message INF
<<C++ library>>

Interface layer

; Zookeeper Kafka
L3 Run Control Configuration Ma:r:gc:r?]sent Message
: <<Java App>> <<Java App>> <<Java App>> <<Java App>>

Message Brokers

provide management,
interfaces
and services

Online Services

& Centralized messaging topology - message brokers decouple online - data flow

& Microservices architecture - Independent & Loosely-Coupled Services

® Layered component design — interface, message, online services and supervisor

® Kubernetes-Managed Containers - Orchestrated Operations

2025/6/17 11




Online HA Design & Implementation

- nOdéagJ ‘ Redundancy ‘
; ‘Failure Detection |

reader Electon ‘ Heartbeat Detection
@ Inter-Process: Based on ZooKeeper
Fast Faiure Poicy &€ Inter-Node: Based on ICMP Protocol

-

€ Redundancy + Master-Slave Election
VL T @ Takeover scheme based on Kubernetes
L s € Solutions for rapid restart of services

ompute no
- , d
.
'I - ™ .
- ’ . -
- = ’ A
- r .
- , A
- - ’ hd -
o - ’, \‘ - =
onfiguration Process Message .
Failover
Compute node ompute nod ompute nod ompute nod
~ - *\ 4 - - ?
- - - I "
- ~ Fi o
Sea & e 1 .= -
-~
~
- - "

! -
-
- 4

v" Anomaly detection and recovery fully implemented
v" Services recovered within seconds, ensuring overall reliability 12




Radar V3 - Current R&D

Readout protocol

RDMA research

Dataflow

HA design

Online processing

Heterogeneous computing platform

Online cache

Distributed memory cache pool

2025/6/17



Implement RDMA on FPGAs
DAQ readout protocol it i Bl +— e —

AX14

N

Alt. to TCP for possible software trigger upgrade

RoCE core

¢ Protocol Selection e L ”"D‘“” s
¢ RoCE v2: low cost, high perf. e L

¢ Firmware Design: Integrate RDMA Logic with UDP T*—Eata T Data —————»
¢ RoCE Core: UDP Parsing/Generation Packet Verification Tx_Data {d
¢ RDMA Scheduler: RoCE packet Verification & ARP Handling RDMA FPGA Firmware Design.

¢ Packet Verification: Validates data packets

¢ DDR4 MIG: Data cache management .+

¢ Point-to-point test platform built
¢ Development status
Vv ICMP & ARP

Vv RDMA send / write + connection management

¢ RDMA recv/ read in progress | . |
/ oS Nvidia Mellanox Connectx-5.  AMD FPGA VCU118 Evaluation Kit.

2025/6/17 14



Dataflow HA Design

& Goal: Auto-recover + minimum data loss
& Develop process recovering scheme

& Dynamic update

& State machine path update

& Test passed in dataflow
& Data recovery solutions

& From backup node | From upstream node

=% VISION: Radar v3 = Full HA DAQ framework

Dataflow

(D Reg proc info
(2 Listen for other proc info
3@ Inter-process comm via network

Zookeeper C API

Reg Listen

Zookeeper

Proc info(Ephemeral Node)

- e

Leader Leader
A B
1. get status ,”’ .2, reply 5. get statu}s:.‘i",f 6. reply

3. data

____________ B

9. clear 4
» Mmessage 8. clear / 7. data

—> data




Processing - Data Assembly

& L1 trigger ID based event building
& Batch pack for parallel processing
& T GPU utilization
& | TPC data overlap

trigger 0

trigger 1

trigger 2

trigger 7

trigger 8

trigger 9

Vertex

Vertex

Vertex

Vertex

Vertex

Vertex

ITK

ITK

ITK

ITK

ITK

ITK

OTK

OTK

OTK

OTK

OTK

OTK

ECAL

ECAL

ECAL

ECAL

ECAL

ECAL

HCAL

HCAL

HCAL
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Support HLT or full-software trigger mode

© Heterogeneous scheduler
& Balanced Loading: schedule across devices
& Data-aware Strategy: co-locate dependent tasks
& Dev-Friendly: unified memory management

© Compatibility Matrix

Shared Memory e

Buffer Disk Memory Buffer
Protocol TCP RDMA
Compute CPU e GPU FPGA
Memory CPU « GPU FPGA

Status: V1 Released e Internal Validated

Processing - Heterogeneous Computing Platform

cepc-online-computing-platform

ne to the CEPC Online Computing Platform documentation!

UserGuide:

0 online-computing-platform =
Based on C+ +20.
__Template coding style. -

. 2025/6/17 17



MemlO - Distributed Memory Cache Pool

Online Task Scheduling & Management Software

Readout Online

D W hy Processing

> Decoupling adout Module 2 SRR

. -
Readout Module 3 F‘l F“ | Storage Module 3 | ¢ I
Processing Task 2 Processing Task 5 { _ [::

~ -
. - ‘-..‘L

I l 1 | P etorage
Readout Moudle N | Storage Module N | |
g | u Processing Task 4 |_ o L‘ Processing Task 5 | | ? | Storage

................. Database

Storage

— Dynamic Readout + Heterogeneous Compute

O Memory Aggregation

> Speed >> Disk S5 O Cﬁ - :

» Online compute focus: Throughput > Capacity _ _ L_j J 3 j B
O Core advantage e Minl0  VWW V v

> High Tput| High Eff. | High Rel. VW
0 Choice i PPN P

» Trade-off: Perf. + Avail. VS Cost

> Strategy: OR/AND Buffers

]|

Alluxio VVWW VW X

Write-3 (avg: 1187.81 MB/s)

Write-4 (avg: 118742 MB/s]

Write-5 (avg: 1187.78 MB/s)

s Tetal Throughput (avg: 5937.01 MB/s)
b Bd-ean Melbad ‘m""e' -y

4000

Speed (MBfs)

. More than 6 days of stable operation at 6 GB/s

Research Progress: V1 | LHAASO Test X

» Next: RDMA CPU I MemEFS % I Optimize 2000 1 Primary, 5 Worker, 5 Client, TCP

1000 m

mm

; : ; : ; ; 18
0:00:00 1 day, 3:46:40 2 days, 7:33:20 3 days, 11:20:00 4 days, 15:06:40 5 days, 18:53:20
Time (HH:MM:55)



Detector Control System: Requirement

stable, re

),
BEE: Backend electronics ECAL DCS HCAL DCS
*SS: Safety system for each detector d 7
Cooling Cooling Table 12.16: Summary of detector control and monitoring quantities
Equipment Channel Number Control and Monitoring Items Total Count
AC-DC Crate 55 Switch, voltage, current, etc.. about 6 items 330
AD-DC Channel 550 Switch, voltage, current, etc.. about 6 items 3300
) FEE Power Crate 390 Switch, voltage, current, etc.. about 6 items 2340
Vertex DCS Detector / FEE Power Channel 17696 Switch, voltage, current, etc.. about 6 items 106,176
FEE Board 27984 Voltage, current, temperature, etc., about 10 items | 279,840
Global Control BEE Crate 110 Switch, fan, status, etc.. about 10 items 1100
Cooling \ g | L J BEE BEE Board 1018 Switch, voltage, current, etc.. about 6 items 6,108
Trigger Crate 20 Switch, fan, status, etc., about 10 items 200
Trigger Board 150 Switch, fan, status, ctc., about 10 items 1500
HV Crate 91 Switch, fan, status, etc., about 10 items 910
HV Channel 18694 Voltage. current, status, etc., about 6 items 112,164
Muon DCS Gas 1 Flow control, humidity. etc., about 30 items 30
Environmental 3568 Temperature, humidity 5448
Total ~520,000
Cooling GTSS Cooling LV BEE MSS

2025/6/17 19




Detector Control System: Design

CEPC DCS Framework R
Customized Functions Basic Functions
T User Interface Client API Service Support
Controllers < Network Prc@ Connectivity )
Configuration | | | T T T T
h 4
Hardware .
Drivers Archiver Data Structure Manager Record Support
Fq -
y ) 4 Y L 22 N S IR ethteietetoiehiehet ettty ittt Wittt Wittt
‘ HV ’ t LV ]t Elec ] ‘ Cooling] [ GAS ’ [ T&H ] User Interface

Devices Support

& Automated Process Control 15—

: monitor Detector Safety <
. . . i humidii (Hardware) W Control Unit
& Real-time Monitoring & Alarms

Other Signals

. Safety H
& Detector safety interlock oo
& Remote Access - ——




Experiment Control System

Deliver secure, efficient exgerimental control in demanding exgerimental environments

Accelerator 2
AlOps External Services
f h Safety Interlock .

f Configuration &
Condition
Database

Al Shift Assistant

\ J

vy

Dose Rate
Monitoring
\

Video Monitoring

Enviromental
Monitoring

g ™
Fault
Diagnosis & Recovery
\ J

~

3D Visualization
User Interface

vy

[Dewce e J e
(e | [ | ~ f
Scope Centralized, higher-level than DCS
Integration DCS + DAQ + other sub systems
Safety Fault detection + Auto-recovery
Automation Al analytics + Resource control
User Experience Intuitive GUI + Unified access

2025/6/17



Experiment Control System: Design

Control Process Manager
(Event Producer)

<

(
Event Broker }

Modular, standardized, Al-driven, resilient architecture

Central Control Module (Kafka, RabbithIQ, etc.)

<
Event Consumer,

Data Acquisition Module Control Unit | | systam

Front-end Interface Back-end

User Interface Module e B ] B P T -

i ' i ' Tools i Business Logic Layer |

' 1 1 [l I 4 "

User device i : i : i : | Log Exception Handling | :

= : i HP = I— : HE '
' IRESTful H '

T ) ¢ i |

I ;

° E ! ! ! : Data Filterin:
AI Integratlon Layer I-----------------------------@ ------------ i i i Flask : i | USe[]I"Itefac‘l:n | E

1} H L} H
| Vol

ooy g Moy : o ; P
! \ H Fresentation Layer : : \ H Automated Document
i . : : P nt
! to | Query User i H H
: ]
L 1
1 il

H '
it [Interaction Management, O I h ROOT
[ h 1 '

Safety Mechanisms

Data Alarm

Tools
: @ L)
! Reat i ! i
! 11 |Monitoring Processing| !
i
R G

I H P B N i HTTP i PR N o
I < o < > d& n
11| Expert Feedback| | [V <K : l M

: H ¢ | Module Interaction| & ; ! ' Machine Large Language
\ Grafana 1 ! i i ' i Leaming Model

ECS user interface framework design |




ML-based Anomaly Detection

More real-time and automatic monitoring, ensure the experiment efficiency

! 1. Preprocessing Algorithms :i 2. AutoEncoder model

Deep Neural Networks

Raw Monitoring Data " Row data Reconstruction |
GEU 8118 Charmal 127 ADG 69T : : date H
| = = Normalization i! — —
hi Processing " —_ —_
i " el Y a E
il'ﬁ Irl nolv|— ¥ 1' L —_—
f I B g —
et "1{.,_‘ SRR T i Encoder Decode
! 3. Anomaly Detection Algorithms Y .
Anomaly Data ¢ ] >Threshold :
! Reconstruction H
' Loss H
: Normal Data <:] < Threshold '
Data flow Anomaly detection system
M?d?‘l —»Data readout
Initiation
¥
Anomaly Input into
results upload model

® Realtime anomaly detection system

& Unsupervised Model: Autoencoder

& Supervised Model: Neural Network

& Model training & optimization

& Integrated & tested with Radar

Model
Autoencoder

Neural Network

Recall
~97%
~99%

Prec.
~88%
~99%

& Next: Multi-model for scenarios

* Test done at JUNO,
with SPMT ADC SPE

Provided a solution for real-time anomaly detection, has been validated in DAQ workflow
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Al-based Intelligent Assistant

More efficient and intelligent information integration and interaction

© INFRASTRUCTURE
v" Private KB & LLM Deployment
v" Stable Query API
© RAG INTELLIGENCE LAYER
v" RAG-Powered Assistant
& Efficient Archive/Retrieval
v RAG Evaluation Framework
& RAG chain tuning
® Application

v Auto-Anomaly Diagnosis Engine

»i Next

& Multi-modal extension

& Anomaly Detection Integration

Information Filtering
Shift Platform _.‘\
a 4 - —d = Real-time Data Monitoring u LargEML:dEuagE - Answer

- | Run Control |
Mtric. Withaut Hybeid With Hybeid
Context Ancall 0.ae3 0Arso

RAG-LLM U1
Context Precion LLALS 05713 *15.65%
Answes Relevancy 08085 07508 S1350% | Automatic Alerting |
/

FatrAdness 07248 09054 =18.48%

TAO-CHAT

How can | helpyou?

GCU 8102 2193 TimeStamp Error CurrentTime 1995850096117251 Last Time 1995851770092901 interval 1673375650 CurrentOverflow 2 LastOverflow 2 GCU 8127 channel 111 Tim

Error CurrentTime 1!

83645523212 LastTime 199T6360987T08708087 interval 152453184785 CurrentOverflow 2 LastCverflow 2, and the values of multiple GCUS are 2ero. Answr in English

According channel 93 and GCU £127 char

& context, the TimeStamp Errors for GCU &,

el 111, along with multiple GCUs
CurrentCverflow and LastOverflow values of 2 indicate possible counter overflow, causing timestamp Ince “*High-va:

owing zero values, may be due toc **Overflow Issues:®* The

encies. ms:"* After applying high voltage,
ng property). Suj
U power, ten ature). 4. Restart the low-voltage power supply and attempt daf
bevated GCU DCR status): - Check if the DAQ trigge

al DCR elevation, shut down high vo!

e Data Acquisition Prob

mudtiple GCUS may lose data, with timestamp disorder. This could be due to o unters not increme ested actions: 1. Contact relevant experts. 1. Shut down th

nd stop data acquisition. 3. Review configuration files and DCS dal quisition again

* If a Flasher cccurs (possibly indicated by increased DAQ trig rate is rising. - Monitor the GOU DCR status, as

a acquisiti

se widespread DCR increases. - For gl

. and contact operations personnel immediately. - If the issue

stop

1, ohserve for a few minutes I it dossn't recover, shut dawn highwaltage and contact operations persannel, **Summane™® First, shut dow

& high vl

and GCU DCR status,

a, and restart the low-voltage power supply before attempting data acquisition again, i problems persist, further investigate DAQ 1

perscnnel if necossary.

Online/Dataflow
RAGAs Hybrid Retri ion Compari DAQ Software Software Information

“—  Text Information




Summary

# Finished baseline technical design for DAQ & DCS & ECS

& A scalable and flexible design
» Work in different directions is progressing

®» Welcome to join us

tThat WS

2025/6/17 25



	DAQ System for�CEPC Detector
	Outline
	Overall Design of TDAQ and Online
	CEPC Detector Requirement – Data Rate
	DAQ Architecture Design
	Streaming Readout Framework – Radar
	Introduction to Radar V2
	Data Flow Software
	DAQ Data Assembly
	Online Data Processing 
	Online Software Overview
	Online HA Design & Implementation
	Radar V3 – Current R&D 
	Implement RDMA on FPGAs
	Dataflow HA Design
	Processing -  Data Assembly
	Processing - Heterogeneous Computing Platform  
	MemIO – Distributed Memory Cache Pool
	Detector Control System: Requirement
	Detector Control System: Design
	Experiment Control System
	Experiment Control System: Design
	ML-based Anomaly Detection 
	AI-based Intelligent Assistant
	Summary

