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Introduction Till Radler Q(IT

stitute of Technolo

® Master Student KIT ITIV (Electrical Engineering)
® System Engineering

® Master Thesis:

,ocalable graph neural networks through CGRAs
for Belle Il Detector “
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Current trigger system
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Motivation ‘(IT

Karlsruhe Institute of Technolo

@ | will perform a case study, evaluating latency and throughput of the
CaloClusterNet in the Belle Il Detector

O (b30aldof the Thesis: implementing CaloClusterNet on the Versal vck190
oar

® The board uses AIEs (Artificial Intelligence Engines) to increase computation
power
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UT4 vs VCK190
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Resources UT4: (Virtex UltraScale VCK190: (Versal Al Core
XCVU- XCVC1902-
FLGB2104-2-E) 2MSEVSVA2197)

AlE 0 400

LUTs (Look-up-tables) [1.074.240 899.840

DSPs (digital signal 1.800 1.968

Processors)

AMD: Versal Al Core Series VCK190 Evaluation Kit

® Versal Al Core has better technology, roughly the same PL
(programmable Logic) size, but also includes 400 AIE
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Current Limitations & Constraints A\‘(IT

System constraints

 Data throughput of SMHz

 Latency ~5us (for upgrade)

« Should fit on one SoC

Current Limitations UT4

® Currently we use 32 out of 576 input points (trigger cells) coming in

® With increasing beam background, we have to increase the number of
trigger cells

We would like to scale the number of trigger cells
-» case study on Versal board
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Structure of the Versal Vck190 ﬂ(".

® 8x50 Array of AIES

® Central NoC (Network on
Chip)

B Between PL&AIES AXI4
Streams

| PL-2AIE: 156
a AIE->PL: 234

Cascade Stream S
AlIE Memory Access E—
AXl4 Interconnects ——p

Local, Distributed Memory
*  No cache misses
e  Higher bandwidth

AMD: Versal Adaptive SoC Al Engine Architecture Manual AM009

® PLIOs as possible bottleneck (also see: Yun-Tsung Lais presentation)
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Problem Statement prmr bl

® Which function can be implemented e
On the AIES! and WhICh mUSt be Processing System (PS) - ARM Core
Implemented using the PL st

® | will perform an evaluation of the :
Slngle Components i Programmable Logic (PL)

® Using this evaluation, | will develop a
partitioning of the CaloClusterNeton
the AMD Versal Vcklgo Al-Engines (AI-E) - CGRA fabric

AMD Versal VCK190
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Matrix multiplication for Neural Networks
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® Parallel incoming TCs are propagated through neural networks
® can be calculated in parallel and are independent of each other

standart Dense Layer:

d N

: Finx

1xFin | X Fout
;—J

parallel Dense Layer:
Inputs: X Weights:
PARxFin FinxFout
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Bias: Foutxl OQutput: Foutx1

)

+ Bias:

PARxFout

GER

Output:

—/

PARxFout |

N/

cyclemin

Ef ficiency =

CyCZereal

Institut fir Technik der Informationsverarbeitung v




Evaluation on the Versal Board

Efficiency of INT8 Matrixmultiplikation
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INT8: Efficiencies up to 95%;
for smaller Dimensions only ~50%
- Int8 not natively supported
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Efficiency of INT16 Matrixmultiplikation
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Comparison to State of the Art A\‘(IT

® Matrixmultiplication INT16 | S
(Efficiencies Up to 95%) [1] [2] INT16 4x16 Matrixmultiplikation Microkernel

® Comparison of own 0.9 1
Implementation with State-of- 08
the-Art paper for a 4x16 07
Microkernel )

[1] Endri Taka et al. “MaxEVA: Maximizing the Efficiency of Matrix
Multiplication onVersal Al Engine”. 0.4 -
[2] Xiaodong Deng et al. “AMA: An Analytical Approach to Maximizing '
the Efficiencyof Deep Learning on Versal Al Engine”

[3] Carsten Heinz et al. “TaPaSCo-AlIE: An Open-Source Framework for ' — towards matmult for DL paper{4]
Streaming-Based Heterogeneous Acceleration Using AMD Al Engines” — own implementation

[4] Jie Lei, José Flich, and Enrique S. Quintana-Orti. “Toward Matrix 0.2 A1 vitis dsp lib/tapasco aie[3]
Multiplica-tion for Deep Learning Inference on the Xilinx Versal”. In: R l : = :
2023 31st Euromicrolnternati.onal Conference on Parallel, Distributed 816 32 64 128 288
and Network-Based Processing(PDP) Scaling of common Matrixdimension
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Dense Layer ﬂ(".

Karlsruhe Institute of Technology

® \What is missing to go from only matrixmultiplication to a dense layer ?

Matrixmultiplication Bias & RelLU

Inputs: Bias: Output:

PARxFin FinxFout PARxFout PARxFout
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Evaluation Dense Layer e e

Efficiency of INT8 Lineare Dense Layer Efficiency of INT16 Linear Dense Layer
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INT8: Efficiencies up to 92%; INT16: Efficiencies up to 95%;
for smaller Dimensions only ~40% minimal ~60%
—> Scheduling problems with INT8
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NN in the CaloClusterNet ﬂ(".

® The CaloClusterNet consists of three neural Networks separated by two
GraVNet layers
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GravNet ﬂ(".

Karlsruhe Institute of Technology

® Graphic shows the needed arithmetic operations
® Questions: can this be implemented on the Versal Al Engines
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Figure by Shao Shen
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Partitioning of the overall Design
® The sort functionality can't be Procesig Sy 23): ARY or
implemented using the AIEs while
matching the desired throughput ' Tl
NN2_output  NN1_GravNet <€ 125€P—  NNO_GravNet  NNO_input
® Make use of the DSPs on the PL A A

Programmable Logic (PL)

fabric & reduce PLIO data transfer lJ_l
-~ multiplication, max and mean Vo

NN1 NN1 NNO NNO

can be moved to the PL e | L oy

L— NN2 «—! L— calculate Distances —— calculate Distances

® Calculate distance function is the ,
computational most expensive AL Engines (ALE) - CORAfabric

AMD Versal VCK190
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Evaluation of the Design

Evaluation of the AlE-Partition
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NNO
NN1
NN2
calc dist
32 TCs
64 TCs
128 TCs
256 TCs
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® All implementations
satisfy the 8MHz
constraint

® Main parts of the latency
comes from the neural
network

® Main part of the utilization
comes from the calc dist

a '102\
log. scale !
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Comparison with UT4 Implementation (64 TCs) ﬂ(".

® Comparison of the relative
utilization

® VVck190: AIE-Tiles
® UT4: Clock Regions

® UT4 implementation by
Timo Justinger

a Better utilization for the
neural net and the calc dist
than the UT4
Implementation

18 2/24/2025 Till Radler

Comparison of UT4 and VCK190 implementations

40 -

w
o

Utilization in %

10 A

N
o
1

-29.66%

m UT4
B VCK190

V7%

neural net

calc dist
(estimated from 32TC)
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Overall Design - Evaluation ﬂ(".

Utilization  Space Multiplexing NN Retiling Cale dist  AlEs total
2= — ().8 2 34%2=68 3*4=12 2*40=80 160*2=320

4(0)

Latency Latency NN Latency cale dist

3.812us 2, T pus 1.018us
Throughput

9.26 M Hz

Table 5.6.: Evaluation des Designs [ur 128 TCs

® Theoretical = In practice an AlE utilization of over 60% leads to a shortage
of independent buffer which results in memory stalls (= ~10% overhead)

® With the sort implemented on the PL 128 TCs could be achievable

19 2/24/2025 Till Radler Institut fur Technik der Informationsverarbeitung




Future work - Challenges S(IT

® Challenge: free running AlEs - currently not possible for kernels with
buffer interfaces (as a user currently not changeable)

® Overhead: starting and stopping kernels (min. ~15 cycle) & main-state
between kernel executions (min ~20ns, scales with latency)

retiling layerd kernel{adf::io buffer<signed ... @lu_layerd_mu. @1m_lﬂljlm)(aﬂ::h_buﬂlmimed cov et \ayera reti.. . [NEEN
~20ns ~30ns
amtn fmeenE Lwatn) TIwatn|
g_layer4{0] (retiling_|ay retiling layer4 kernel(adf::io buffer<signed ... ‘retiling layer4 kernel{adf::io buffer<signed . !
(inf0]) i (35785 5:31: a1 64 1871245116535 1. $78:-5:31: 41560776 12
(in[1]) 20:87:106:49:-26:-8:-12 :106: - 40 98 06 96
t (out[0]) 2:96:70: - 96
layerd[0] (r ayerd ret
in[0]) :87:106:2:99:86
it (out[0]) 87:106:2:99:86:0:49 12;

® 2> kernels with low latency have a relativly higher overhead than kernels
with high latency

® Solving this problem could reduce latency and increase throughput
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Conclusion \‘(IT

Karlsruhe Ins of Technolo

® | have conducted an Design Space Exploration regarding the amount of
TCs, latency and throughput for the CaloClusterNet on the Versal platform

® | was able to develop an design of the CaloClusterNet for 128 TCs
regarding the AlE-Partition

® | was able to show an increased performance for parts of the
CaloClusterNet compared to the current UT4 implementation

® QOutlook: using AIE-ML as an upgrade to the Al-Engines
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Backup-Slides
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Versal Al Engines — Backup SKIT

Karlsruhe Institute of Technology

® SIMD (single instruction multiple data)

. . Fined-Point
® VLIW (very long instruction word) Rm, | Scaar AU e
® 7 operations in one - o

® Scalar & Vector Unit Scalar Unit Vector Unit

B 2048-bit vector register
® Up to 32 16-bit MAC operations in 1 cycle [uossuma fiesuns f soeum J| &5
® 32KB data memory and 16KB program

memory .
. Al Engine Core
® Stream Interface S

B AXI4 Stream between AlE-tiles

AMD: Versal Adaptive SoC Al Engine Architecture Manual AM009
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Communication within the AlE-Array — Backup ﬂ(".

Data Memory Interface

Shared Memory with |

Locks

g g North Interface
izl Data Memory
Memory
A #56 ?56 *256
AXI 4 Interconnect to Sy uw| [P L .
g g 56 o Al Engine — Stream out
all other AIE 1 sl e :
<= £ 25 = .
@ 4% = Lock
] + < .
o Interface Al Englne Stream in
Locks e— = Program CNTR -——
Error Status .
Signals (EVENTS) _Executlon Trace
Cascade to the next cescadenn - ~ Gascade ou
Tile CNTR In A A selisignal 3 2% 5o
AI E stall Lodi la— Memory Collision 8 Y g ©
all Logic = N I
From Event Logic —» 9 l¢— From PS 2 256 =g
F it AR
St FIFO @ a
Clock and South Interface From  ctl (e:str;/full) O .
Reset Lock Register Locks

256
Locks ¢256$ [\256\#

Data Memory Interface

AMD: Versal Adaptive SoC Al Engine Architecture Manual AM009

X20812-071923
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System Setup — Backup ﬂ(".

® We have successfully build a Werogammable o
custom Petalinux Image (runs R [EciPs, Noc, 0OR
on the application core) and
executed a test application on
the board

® An application consists of a | -~ |
xclbin file that configures the
PL and AIE-Array | |
(linear_layer) and an .exe file | S A2 Linwx 0
that communicates with the | -
PL (m m2s, sZ2m m) 23fosr:ig?s§?rg2};%24/1).(;?2?_/!'2; ine_Development/AIE/Feature_Tutorials
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Implementation & Metrics Lin Dense - Backup ﬂ(".

® Bias and Weights implemented as Buffer

® RelLU Function needs to be implemented in an extra Kernel (but can be
mapped on the same AlE)

Ops Fout x PAR Fout x PAR

cyclemin = 39
cycley acs cyclenacs

cyclemin =

i8_weights8

matmult_bias_kernel

Input: inputd (data/inputa_128bit.txt S Pt el
Stream #® Memon, ):".}”"a'-é

buft

matmult_template_int8 raits i I
elu_kerne buf6d

Output: output4 (data/output2_int8.txi
in_ out . in[Q] |
>" r'.'h:-mo.r*;r n Stream g .

relu_template_int8
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GravNet — Backup

® (1) implemented as linear ™

dense layer

® (2) calculate distances
to all points and sort
them

® (3) multiplication, max 3)
and mean operations

® (4) concat data -

useable In next linear
dense layer
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Evaluation of the NN — Backup ﬂ(".

® Utilization:

34/400 AIEs = 8 5% Latency and Throughput of the NN .
® Pipeline utilization: 88,1% 71 6
® Space Multiplexing: 5, | -5%

Tradeoff > | i 5

Latency & Throughput €->  g*] == w .5

Utilization 33 e
Calc Dist 1: X
@ Latency for 128 TCs: ,

0,509us o 64 128 256

Amount of TCs per Eent
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Space Multiplexing — Backup S(IT

® Uses multiple designs (higher utilization)
® Throughput of the designs add up

4MHz

( = Designl \

8MHz . 8MHz
even Inputs even outputs

[ Input ] { s H[ Input J

odd inputs odd outputs
L Z:-[ Design?2 ] )
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Versal Al Engines — Backup ﬂ(".

@ Execution of the kernels is handled by Al
Engine driver

XRT Graph User APIs
® Overhead when starting and stopping a kernel .../ AErone o yrtrier ‘
- initialization and ,free“ ) ) @ —) L
. ( )(u](----r](race)(-»]
® Always ~10+5 cycles - Is more important for [[ = (]]
kernels with low latency W
® Overhead between kernel executions at least [( m{g:;:;w]lr
e —
15nS [[Errﬂr bﬂCHrﬂ:lki:g][ Fqlgagigtlfnqgnt )]: (h-g.ig;"er]
| ngine device .

PLM

® Free running kernels only with stream

Interfaces

® Not enough throughput for this application D UG 1075
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Outlook — Backup A\‘(IT

Institute of Technology

® AIE-ML Engines as an upgrade to the AIE-Engines

® Double the amount of memory banks - no memory stalls

@ for Int8 four times more operations per cycle

® Less overhead for neural network implementation due to symmetric mmul
Intrinsic

® Supports sparse matrix multiplication and unsigned datatypes (both are
used in the current UT4 implementation)

® Very new - only one possible Board (vek280) with 304 AIE-ML Tiles and
smaller PL than the vck190
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