DAQ System Development for
CEPC

Xiaolu Ji
On behalf of CEPC DAQ group
2024.10.24
CEPC 2024 International Workshop



Outline

& Brief introduction to CEPC DAQ design

@ Introduction to CEPC DAQ software framework
® How it work in JUNO DAQ

® Ongoing research activities for CEPC DAQ
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CEPC Requirement — Data Rate

Preliminary background and data rate estimation

¢ Data rate before trigger
® <1 TB/s @ Higgs
® Several TB/s @ Z
® L1 trigger rate
¢ 0(1 k) Hz @ Higgs
& 0(100k)Hz @ Z
® Event size <2 MB

& Storage rate after HLT
¢ <100 Hz(200 MB/s) @ Higgs
& 100 kHz (200 GB/s) @ Z
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Architecture Design of CEPC DAQ

® Compatible design with or without HW trigger
& Full COTS(commercial-off-the-shelf) hardware

® Readout interface and protocol
& Ethernet 100Gbps, TCP or RDMA based

& Use RADAR software framework
® GPU/FPGA for processing acceleration

® Disk or memory buffer
& Decouple computing environments

& Offline algorithm can be easily integrated online
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Streaming Readout Framework — Radar

heteRogeneous Architecture of Data Acquisition and pRocessing

& V1: deployed in LHAASO (~ 5 GB/s data rate), software trigger mode
® V2: upgraded for JUNO (~ 50 GB/s data rate), mix trigger mode

& Containerized running

& Partial High Availability
® V3: CEPC-oriented (~ TB/s data rate) , under development

& High-throughput data transfer and processing

& Heterogeneous online processing platforms
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JUNO DAQ Highlights

[Top Tracker (TT) }\J 1 4
— . —
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SPMT: trigger-less readout of T/Q ' TR R 2,400 20-inch PMTs
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& > 40 GByte/s triggered waveform data and trigger-less time and charge data
& ~ 7000 readout links with interface: 1 Gbps Ethernet + TCP protocol

& Process events via Online Event Classification to reduce data rate by ~ 500times 6



JUNO DAQ Software Architecture

® Radar
& V2:upgraded for JUNO
& General-purpose distributed framework

& Transport layer — ZeroMQ

& Services — Kafka / ZooKeeper based
% Divided into two parts:

& Data flow software: process data streams

& Online software: management and services

Read Out Plug Modules

Process Algorithm Plug Modules

Reconstruction | Compression |
CD SPMT TT
Event Build_| | MM Process |
CD LPMT WP CCSN Online Monitor

Software Trigger

Data Flow Software

Readout Data . Data . Data
Module —> Assembling Dispatch Storage
Distributed Framework
Data Acquisition Utility Modules
HTTP Interface
Configuration| Run Control | Message MP”’C"’SS
- ] - anagement
Service Service Service .
Service
Message Brokers
Configuration| Run Control | Message Process
Management
Interface Interface Interface
Interface

Online Software




Data Flow Software

([ Readout Elec. ]
............. >
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on | ROS,
Data Online
U - Assemble
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Data |
MFIOW Data Processors Process Sy IS
anager rrrnnnnans »> (Farm) Algorlthm
[
PR » | Data Storages
5
. Radar Data Flow

& Lightweight structure
® ROS + DA + DP + DS
& Plug-in modules design for ROS & DP

& Integrate customized readout /
processing modules

ROS: ReadOut System
DA: Data Assemble
DP: Data Processor
DS: Data storage
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JUNO DAQ Data Assemble

Raw data

Readout Elec. } Raw data stream

J

DFM

ROS

DA

ROS
Fragments

Timed Fragment

|
channel 2 L Raw data

10 ms

Eogtres

Raw data

| | Raw data

Raw data

Fragment

TF Fragment

¢ 2 level assemble by time fragments — ROS + DA

& Based on global clock system provided by WR

& Support data assembled by trigger ID or timestamp

& Uniform processing both triggered and trigger-less data

channel n-1
channel n



JUNO DAQ Data Processing

Data processing is flexible, configurable

' : : |
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Customized algorithm
Core Processing Algorithm @

2-stage data processing:
Data preparation / preprocessing
Core event processing algorithms

Support parallel processing
Processing interface provided
Plugin algorithm deployment

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

WEBI/CLI Data Flow Software
1\ r 3
provide management, interfaces and services
Supervisor
?
i API Gateway Run Control INF Configuration INF Message INF :
' <<Java App>> <<C++ library>> <<C++ library>> <<C++ library>> : Interface Iayer
Zookeeper Kafka Message Brokers

: Run Control Configuration Process Message :
—p! Management ! i i
| <<Java App>> <<Java App>> <<Javg App>> <<Java App>> |, Online Services

¢ Centralized messaging topology: message brokers — decouple online and data flow
¢ Microservices architecture: keep independence between services
& Layered design — interface, message, online services and supervisor

¢ Kubernetes managed containerized operation: support 30 years running for JUNO lifetime



Online HA Design & Implementation

API Gateway

> Failure Detection \

Heartbeat Detection

@ Inter-Process: Based on ZooKeeper
. dz°°"ee"e’ eader Election @ Inter-Node: Based on ICMP Protocol
ompute node

- 7 g

- -
—————— z’ \\ - e
Fast Failure Policy
- Failover
- - -

(oa [ G)} [ QQD} (Mg) € Redundancy + Master-Slave Election
i ReltE R e S € Takeover scheme based on Kubernetes

€ Solutions for rapid restart of services

Tavaover dete
R eliable for Supernova

ction

Anomaly detection and recovery have been fully considered to ensure system reliability



JUNO DAQ Console GUI
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Visualization Monitoring
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ROOT-based Online Data Visualization System (ROBOT)

Configuration module

r 3
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Data display module

I
J

"DATASOURCE": "REDIS", Data Source
"127.0.0.1", "
;Ecrt": "8088",

"Display PORT": "9020",

— Display Port HEPS_BPIX4_BOARDID_0_FRAMEID_0

"system": [

"DETECTOR": "JUNO_SPMT", Basic information of
[t LR oy —" monitoring data

"THREAD_BOARDs": 4,
“CHANNEL _NUM": 128,

11000

"DRAW": [

{

"DRAW_TYPE": "ADCSPE", Layout structure for
"PIC_CHANNELS": 1,
"Hist_NUMS": 2,
"CANVAS_PICS": 16,
"CANVAS_X": 4,
"CANVAS Y": 4

web display
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i provider :

Load
configuration
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Readout and decoding module

Message
brokers &
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(

data source

i transform

Data

ecoding and :
processing

Control
Unit

Data display module

[]

PC

User access device

Data

Display
Interface

i Start HTT
server

i Register }
: objects :

Frameworks
and tools
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Next — Current R&D Progress

Dataflow HA Design

Online Processing Strategy and computing Accelerating

@
@
® High-throughput Distributed Memory Cache Pool
® RDMA Research

@

Al-based Utilities Research
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Dataflow HA Design

® Goal: Automatically recover without data loss when an exception occurs

® Trying different solutions

Utilize high-availability middleware (Kafka) Develop new data recovery components
data Leader Leader
A B
( \ 1 1. get status ,~’ 2. reply > get statu/s,‘ﬂl,/ 6. reply
Data Er:essizste | kafka Errnejsuszste Data . data B
Producer ] cluster ¢ | Consumer el
. : 9. clear g
—> data i N i 8. clear / /7. data
: » D ----- » Mmessage K
messase, zookeeper : ‘
""" 2> heartbeat*====="=========" cluster € —» data C
e Data recovered from backup nodes e Data recovered from upstream node

Testing and comparing the performance, availability, and flexibility
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Online Processing Strategy

RadarVv2.0

CEPC has higher event & data rate requirement o

. : : "
® Remove DFM to increase the maximum dispatch frequency N l

_— DP &DA

® Merge DA and DP to reduce data transfer . l
Manager l
¢ Build heterogeneous computing platform to improve performance € >R N

)

e ........... )

FPGA/GPU Computing Platform

CPU memory
manager

scheduler

Device memory
manager

Master

DS

RadarV3.0

¢ 3 Computing

Platform

¢ 3 Computing

Platform

® Scheduler: Assign algorithms to devices, manage data transfer

¢ Device Memory Manager: better scheduling memory resources

sonre arun v
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CPU Accelerating

& SIMD(Single Instructions Multiple Data Parallel Processing) [PARAI-I-EL+SIMD|STHE PATH FORWARD

INTEL" XEON" AND INTEL" XEON PHI™ PRODUCT FAMILIES ARE BOTH GOING PARALLEL

— single controller managing multiple processors
® OpenMP(Open Multi-Processing)

Intel® Xeon® Intel® Xeon® t Intel® Xeon® Intel® Xeon® Intel® Xeon Phi™ Intel® Xeon Phi™
— Parallel technolo 4% model e R ety
Woodcrest Nehalem  Westmere Sandy Bridge Ivy Bridge S’ka‘arker’ Knights Corner code-named
: ' - EP EP EP EP EP EP Knights Landing
¢ High-performance, flexible, user-friendly, portable PR R R R S S
Threads 2 2 8 12 16 24 36 56 244 288
Intel Skylake Processor Architecture SIMD Width 128 128 128 128 256 256 256 512 512 512
e More cores > More Threads —> Wider vectors
£ OpenMP* is one of most important vehicles for the parallel + SIMD path forward
SEITEREICaTe Comparison of running speeds
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643 .8_3 1L
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Y e - Fel]
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: g 314 B2 ® 11.78 33.32 33.86
= [af] rd =
+ B | b6 [ b5 | b4 | B | B2 | bt | mo E 2.00 2'421672'46 k- .75
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; . %2R EE DR R RY Ootimizat i
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== :?E!HD The number of threads

_—_— 2024710/24/D SIMD 19



GPU Accelerating

®

@

Implement some algorithm demo modules

Focus on performance research

¢ Batching, Data Parallelism, Memory Optimization, Asynchronous
Computation, Multi-streaming...

Time/s

GPU can achieve impressively performance when the
algorithms are suitable

PCle transfer bottlenecks cannot be ignored

® complete as many algorithms as possible in a single transfer 2>
maximize GPU resource utilization and alleviate transfer pressure

Next: study acceleration strategies with the experimental
scenario

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

GPU based online waveform reconstruction in JUNO

Performance

10000 20000 30000 40000 50000 60000 70000 80000 90000 100000

Number of channels

—e—|ntel(R) Xeon(R) Gold 6326 CPU (Single-core) Nvidia A30 GPU

GPU based nHit trigger algorithm study

channel num = 20k

—&— Intel Xeon 6326 @2.9 Ghz -single thread
—a— NVIDIA A30
—w— PCle

time (us)

T T T T T T T T
10 100 1000 10000 100000 1000000 2000000 3000000
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High-throughput Distributed Memory Cache Pool

& Decouple different data flow stages

& Memory speed is much higher than Disk " Mragament Softwg
® Online computing: more THROUGHPUT than CAPACITY t
‘ Memory Aggregation to provide 10 interface with readodt Core Softuare |
 ——
@ High throughput capability Readout 2 ’ onn T E
e Ny T Buffer ‘ ' Algorithms ' '
& High operational efficiency | . B o) — -
Data | T
& High reliability ceadont N ; i) ;

» Trade-off among overall performance, availability, and cost
» OR or AND buffer strategy
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Research Status

Minio Write Performance Test (20 Servers, Kernel 5.4)

Progresses /_\ ALLUXIO MINIO L o ‘ :
¢ Deploying caching pools using modified Alluxio and MINIO g s000; .
¢ Prototype developed, applied in the LHAASO F 000 .

1 Open-source software cannot fully meet our requirements E S "

T T T T T T T T
2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Num. of clients

Minio Read Performance Test (20 Servers, Kernel 5.4)

Next 10000 { o i1 mem
¢ Employ bypass technologies to reduce CPU utilization. oo | Eco0 - .
¢ Develop high-performance distributed memory file system 5%3 5000 | )
& Design high reliability scheme ; oo
""""""""""""""""""""""""""""""""""" H 20 nodes use MINIO, read &
] SeIf -developed high-throughput distributed memory pool on the way | | | write ~ 10 GB/s, while cost too
""""""""""""""""""""""""""""""""""" much CPU cores (400 MB/core)

T
25 5.0 7.5 lO 0 l2 5 15.0 17.5 20.0
Num. of clients
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Traditional Data Transmission RDMA

RDMA Research

0S 0Ss T
RDMA (Remote Direct Memory Access) TCP/IP
& Transfer data directly to the remote memory Driver
> 8 . . . A 4
® More efficient transmission with low-latency, low CPU load Adapter dapter
Applied as DAQ readout protocol: readout module - DAQ server
AU NSRS AR SRS R A S L R Comparison of Data Transfer Processes
Implement RDMA Send Queue
on FPGAs 1 I

RDMA

. Scheduler
Receive Queue Send/Write
from MAC

RDMA RX

RDMA Scheduler
* Coordinate operations

Acknowledge

i . 4 Connection
* Maintain connections * Complete data transfer

e Support dynamic connections . Exchan.ge packets that
* Ensure stability and reliability comprise protocol

Connections RoCE IP

Control

QP Connection

| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |

' >
| |
| |
| |
| |
| |

Connection Control o | 1T [ — ' RoCE IP Core

| |

' =)
| |
| |
¢ I
| |
| |
|

Firmware Design



Al-based Utilities Research

¢ Implement intelligent operations and improve efficiency

® Current progresses:
& Private domain information query assistant based on LLM

& Real-time histogram anomaly diagnosis based on ML

® Next: Cover more aspects of operations and aim for
system-level applications

Encoder Decoder |

i
I
I
:
|

Front-end

............................................

g E User device
=

Presentation Layer

R

E i | Module

V1| Query User
it |Interaction
Data Alarm |
+ 1 |Monitoring Processing| |
Expert Feedback | !

Interaction| |
H

E (OR

Interface Back-end

.........................................

: ' ' Business Logic Layer .
: : > : ! [ Log Exception Handling | :
L — A [ :
> P e i

o Data Filtering '

User Interaction

; i 1| Automated Document | :
H ' H Management H

Machine Large Language
Learning Model

Image Decoder

Model trained

YT Y

\
Text Encoder
|

- Prompt | E@ @ﬂ
EEl_’ Learner @‘ S

Real-time Anomaly
Detection and Alarm

Intelligent Assisted
Question and Answer

Yes, there is an

—

. anomaly in xxx, the
Is there any  loss is xxx
j (55, anomaly?
—— | Voice Encoder
1

N Query voices
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Summary

® We had a very preliminary technical design for CEPC DAQ
® Work in different directions is progressing
® Try some new methods and technologies

® Welcome to join us

™
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