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Realtime ML @ FPGA for Trigger/DAQ: Belle I
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"Trigger" system

* Considering the trend in our community, two major types of Trigger systems for real-time
processing/filter:
* Avery personal and technical point of view, as the boundary in between is getting
vague nowadays.

Hardware/low-level: Rely on the Keywords: FPGA, PL, HDL, RTL,
FPGA programmable logic (PL) HLS, ML inference (hls4ml, etc),
design based on HDL/RTL logics Versal ACAP, Versal Al engine,

to achieve short-latency quick

processing (in O(us)). short latency in O(ps).

Relatively coupled

Physics]  _____ Software/  _ Hardware  ---------
Algorithm Firmware
* High-level: Software-based Keywords: Hardware
2&?;&2{2 gd]?a‘ﬁo'{l’rrl“aeé‘éi‘t’}’gg‘ o acceleration platforms with
CPU/GPU, FPGA acceleration is CPU/GPU/FPGA, Alveo, Versal
a new application. acceleration card, Versal DPU.
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Versal project

Study on the Xilinx Versal series of ACAP and the associated
new features, and look for the possible applications in
Trigger/DAQ of experimental particle physics
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Versal project @ KEK, Collider Electronics Forum (CEF)

* Our project is mainly based on the Xilinx Versal series of ACAP.
* KEK together with Japanese HEP community purchased a few evaluation Kits.

« Plan: Common and general studies on the new technologies for future electronics
device's R&D. Now we plan to use Versal for L1 TRG, DAQ or HLT purpose.

* The features of different Versal series ACAP:
* Al engine: convenient interface to implement ML core into firmware.
* High Bandwidth Memory (HBM). CPU

. . . FPGA Al
* Larger number of cells + High transmission bandwidth.
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Versal project: General plan, roadmap, and collaboration

* Our goal: R&D of a new general FPGA device using the Versal ACAP.
* AL1TRG, DAQ, or HLT device, and also general for different experiments.
* One clear target is UT5 for L1 TRG of both Belle Il and ATLAS.

1% year:

Study the properties of the fundamental functionalities with the kits:
« GTM (PAM4), PCle Gen5, Al engine, DPU, etc.
Prepare basic application for each of them for other members.

Here we are now with
VPK120 and VCK190. B

2" year:

Make general transmission protocols for GTM (PAM4), PCle Gen5, and do
performance study.

Implement various Trigger algorithms (Belle 1l, ATLAS, etc).
Connect to existing systems to take real-time data and check performance.

3" year:

Future universal device: L1 TRG, DAQ readout, or HLT.
« Discussion.

« Schematic/PCB design for the prototype boards.

« Test with experiments people.
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Test benches of Versal kits @ KEK E-sys

* Now we have both VPK120 and VCK190 test benches at KEK E-sys group with host servers.
* They are opened and shared with our colleagues in CEF.

PC side: PCle Gen5 x16 slot

PC side: PCle Gen4 x8 slot

VPK120 test bench: VPK120 connection VCK190 test bench:
2023 summer to Belle Il UT4 2024 March
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Features of Versal: PAM4 data transmission

* Pulse Amplitude Modulation (PAM4):

* Four distinct voltage levels to break through the limit
of Non-Return-to-Zero (NRZ), which is ~25 Gbps.
(Non-Return-to-Zero) (Pulse Amplitude Modulation)
————

* Versal GTM transceiver supports it. ——— s

« Suitable for high-speed link in L1 TRG. | : S
Hope to be pioneer to use it in future TRG board. -...A = =

Limit: ~25 Gbps Four distinct voltage levels.
Two bits per clock cycle.

NRZ Source: Xilinx T

SELE]
EELCIE

4

* Real transmission with PAM4 and QSFPDD is tested:
* QSFPDD-SR8 with MPO16, from FS company.
 53.125 Gb/s x 16 lanes.

* BER (~10"*°) and latency (~200 ns) are measured. g

QSFP-DD-SR8

= Eye diagram

mplitude (%)

2024/05/29 Yun-Tsung Lai (KEK IPNS) @ JENNIFER3 kickoff meeting



Features of Versal: PCle

* PCle up to Genb5:
* PCle has been popular option in HEP.
* ALICE, LHCb and Belle Il has been using PCle40 (Gen3).

« Study the properties of newer generation of PCle
Is beneficial for the future readout device's development.

* Versal device supports up to Genb.

* For our study, we built up a test bench with host PCs and Versal boards via PCle

* The FPGA firmware and PC friver software are based on Direct Memory Access
(DMA) IP from Xilinx.

* Custom protocols are developed for:
« Continuous event readout
- Event exchange State machine design
with streaming mode
* Integration with Al engine

Card: Determine data wit?
random size.
Interval: Ims.

Card: Write 1 to reg28 to
tell PC to start reading.
Write data size to reg4.

~ Done

PC Versal FPGA
Input PC: get evt size reg4. If1 ) )
data : T Algorithm PC: Read data from Write 2 to reg8: Data PC: keep checking reg28.
Driver PCI-Express BRAM i 9 ring buffer, and store it. will be transmitted from Interval: Ims.
outout software p (MM mode) protocol f:gri?: sard to ring buffer.

utpu

data
| Ifnotl _
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Features of Versal: Al engine

4,@ Al Engine Tile

* Al engine:
Computation engine embedded in Versal FPGA Vector processor ) (] MG
Suitable for algorithm implementation such as ML

C programmable framework in Xilinx Vitis tool
Integration with FPGA logic using Xilinx Vivado tool

source: Xilinx

+

> L
« Open an example project for VCK190: e
* Versal Extensible Embedded system. i —
with Al engine. — 0 4 4
= Englne Engine

" - . == Memory Interface
Get the final firmware project i

o

Al
Englne 4_‘__

* Export platform

Flexible Interconnect | m==p Stream Interface
With Al engine, mm2s, s2mm to NOC

=== Cascade Interface
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Workspace

=17 == )
PR
- E g ——— ==
Al engine component uj' g =
From example. src, kernel and data. =
Algorithm is defined here. = ..

HLS Component: mm2s
with mm2s.cpp
If want to run the system using the Barerhetal

control application via SD card and UAI
need to build up another application in ms

HLS Component: s2mm
with s2mm.cpp

System project Component
for integration
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NN in Al engine

* We have already studied the fundamental utilization of the Al engine, prepared tutorial
material and given a hand-on course to our colleagues.

* Implementaion of some Belle Il logics based on NN are also performed.

* An example of a NN implementation:

—— TensorFlow model
——- AIE x86 simulator
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» d e
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Latency in FPGA: ~3 ps
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BDT in Al engine

* Another example: A BDT model built by scikit-learn.

« 3input features, 20 trees, depth = 3
Resource allocation among the entire Al engine array

Waveform - hw_ila_1
Qi (= | (> (> BB @[Q ||| |10 |[2|2r|+ of T X

ILA Status: Idle

Al engine graph in Vitis
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Hardware implementation: Al engine + PCle

* In the Versal FPGA firmware, we integrated PCle with Al engine

* PCle enables the commincation between PC and FPGA, so user can submit all the jobs to
FPGAto process.

* 50 min for 200,000 events. )
> User can do all the works at PC without

touching FPGA during operation.

FPGA firmware design in Vivado > Potential for HLT app“cation'

GTYIPCle

PCle DMA
ST
mode

streaming data

data frame via AXI4
stream

Al
engine
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Features of Versal: DPU

* Deep Learning Processor Unit (DPU)
* A configurable computation engine dedicated to convolutional neural networks.
* Network quantization based on Xilinx Vitis-Al software

* The design flow does not involve Vivado for PL design.
* The device is utilized with a small operation system like a server
* A higher-level application.

root@xilinx-vck190-20222:~/03_vckl90_pytorch_atlas—top-tagger# python3 app_mt.p

XAIEFAL: INFO: Resource group Avail is created. ]
XAIEFAL: INFO: Resource group Static is created. ATLAS top tagging
Docker XAIEFAL: INFO: Resource group Generic is created. open data
. - inf> Starting 1 threads...
NN model building inf> Throughput=17749.99 fps, total frames = 1000, time=0.0563 seconds
Host PC and training with inf> Accuracy= (856/1000)=0.856
Vitis-Al and pytorch root@xilinx-vck196-20222:~/03_vck190_pytorch_atlas—top-tagger# |
55!1-5_ scp
LART .
UsB R4 root@x1linx-vck190-20222:~/Vitis-Al/examples/val_Library/samples/classification# ./test video classificatlon resnetl8 pt 0 -t 8
H [ WARN:0@] global /usr/src/debug/opencv/4.5.2-r0/git/modules/videoio/src/cap gstreamer.cpp (1081) open OpenCV | GStreamer warning: C
annot query video position: status=0, value=-1, duration=-1
i XAIEFAL: INFO: Resource group Avail is created.
XAIEFAL: INFO: Resource group Static is created.
= XAIEFAL: INFO: Resource group Generic is created.
lmage with DPU WARNING: Logging before InitGooglelLogging() is written to STDERR
11119 10:18:38.351377 1517 demo.hpp:752] DPU model size=224x224 -
VCK190 - . T1119 10:18:38.392418 1517 demo.hpp:752] DPU model size=224x224 Camera video
Execute the script 11119 10:18:38.433463 1517 demo.hpp:752] DPU model size=224x224 o
from Vitis-Al 11110 10:18:38.474534 1517 demo.hpp:752] DPU model size=224x224 processing
11119 10:18:38.515609 1517 demo.hpp:752] DPU model size=224x224 .
11119 10:18:38.556959 1517 demo.hpp:752] DPU model size=224x224 in DPU
11119 10:18:38.598032 1517 demo.hpp:752] DPU model size=224x224
- . 11119 10:18:38.639214 1517 demo.hpp:752] DPU model size=224x224
e L
- Tl ;
USB camera HDMI to display
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FPGA methodology

Not only "what kind of logics to be designed" but also "how to
design it". This is a general project regarding the technical
knowledge of constructing algorithms in FPGA, including
RTL/HDL, HLS, ML inference, and computation engines.
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HLS, ML, Al engine: roadmap of FPGA methodology

« As a member of KEK E-sys and CEF, we hope to understand the basic utilization on each, and
build a database of such technical knowledge, to support our experimental colleagues.

* ~90% of the items is ready with the efforts from young colleagues working with me.

Verilog/VHDL

HLS
software
C++ software — g | vwwnr s
T IPcore
‘ \ Synthesis software FPGA firmware (PL)
__ ML VIVADO'! --
| QKeras IPCV -
TensorFlow 4
Keras O Pyorch ML inference
dmlc
@&si. XGBoost [ SR
g meofiow € ONNX A Conifer .his4/ml
" Kssrins, wMFINN =
Manual s ]
implementation FPGA +Al engine
_ Al engine J (PL)
Vitis
Hand-writtern [ i' oI
ML in C++ a VIS TelmiE
DPU This design flow does i By
Vitis Al NOT include Vivado for
firmware making in PL. e =
¥ XILINX
—> > :
> a VITIS DPU + Al engine
| Al
(no PL)
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Conifer package

dmic

@ larn XGBoost
1 TensorFlow @ ONNX

Model building

* Conifer: for BDT implementation in FPGA *
/\ Conifer

« Similar design work as hls4ml Post-training

' ' i tizati
* An example of bipolar separation with 3 features: frantizaen
Vivado™ HLS *
HLS project:
' digitized C++

f
VVADOY Fraam

ILA Status: Idle

|
| |
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ad5 f 41cl f 3419 | 42
! !
6080 680b j_6a 7d 4 63al 617

a
> Miinputdata0[15:0] }

%' score_0[15:0]
score_0_ap_vid
gap_idle

Latency is usually smaller than the cases with NN
(depends on tree depth)
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FINN package

p
Tensc;rFIow Quantized
. N ‘B reVItaS model building
* FINN: ML inference tool developed by AMD Xilinx.
* For the quantization on the NN model, the \j
developers also provide a package "Brevitas" @ ONNX  Model representation
together with pytorch. Y
* The concept is based on matrix multiplication. i —
« Data flow is based on AXI4 stream. JFiNN for Vivado
* THe design flow is different from hls4ml. .
’ s et
VNADOY Fream

¥ o
T o
oo
o
= o

— Latency is similar to the one from his4ml
v (a very rough check)
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Summary for WP 5.4, realtime ML @ FPGA

* The target is to study the implementation of ML in FPGA devices for fast processing and to
look for possible implementation in the field of experimental particle physics for TRG, DAQ, or
HLT.

* In general, two directions for our study:

* Hardware device: Versal ACAP
« System-On-Chip for peripheral components.
* New technologies in data transmission and computation engines.

* Major interests in the application of the computation engines in data processing of
Trigger/DAQ.

* Methodology: Algorithm construction techniques

* Building up a technical knowledge database include HLS, ML inference, and computation
engines to support our colleagues.

* For the same logic design, we can utilize different tools to compare their resource,
latency and performance.
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