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Edge Al Computing - Necessity

DNN models become pervasive while evolving rapidly
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Edge Al Computing - Necessity

= DNN models become pervasive while evolving rapidly

= Edge DNN deployment challenges

= 1) High performance and energy efficiency
= Real-time application
= Low battery capacity



Edge Al Computing - Necessity

= DNN models become pervasive while evolving rapidly

= Edge DNN deployment challenges
= 1) High performance and energy efficiency
= 2) Flexibility
= Reusable across DNN models



Edge Al Computing - Necessity

= DNN models become pervasive while evolving rapidly

= Edge DNN deployment challenges
= 1) High performance and energy efficiency
= 2) Flexibility
= 3) Underutilization
= Low effective computation



Edge Al Computing — SotA Works

= Efficiency vs. Flexibility/Reusability

DSAs: NVDLA [1]
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Edge Al Computing — SotA Works

= Efficiency vs. Flexibility/Reusability

RISC-V Al platforms:
Gemmini [2], RedMule [3

Effi. lex.

Flexible GeMM
accelerator
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Edge Al Computing — SotA Works

= Efficiency vs. Flexibility/Reusability

OpenGeMM
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Edge Al Computing — Utilization Issue

= PE array underutilization — performance Kkiller
= Spatial underutilization
= Temporal underutilization
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization

= Spatial underutilization
« Insufficient algorithm parallelism
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= Temporal underutilization
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization

= Spatial underutilization
« Insufficient algorithm parallelism
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism

= Temporal underutilization
= Long configuration time
= Memory stall
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism
= Temporal underutilization

= Long configuration time
= Memory stall

Configuration | Cfg
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Time
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism
= Temporal underutilization

= Long configuration time
= Memory stall

Configuration | Cfg
Data Read Port INPUT ‘

Compute
Data Write Port

Time
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism
= Temporal underutilization

= Long configuration time
= Memory stall

Configuration
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism
= Temporal underutilization

= Long configuration time
= Memory stall

Configuration | Cfg Cfg
Data Read Port INPUT ‘ INPUTA |
Compute | compuTE COMPUTE
Data Write Port | ouTPUT | ouTPuTC

Time
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Edge Al Computing — Utilization Issue

= Performacne killer — PE array underutilization
= Spatial underutilization
« Insufficient algorithm parallelism
= Temporal underutilization

= Long configuration time
= Memory stall

Configuration | Cfg : ; Cfg

Data Read Port : INPUT | : INPUT A |
Compute — COMPUTEE | compuTE
Data Write Port OUTPUT | OUTPUTC
: ; ; >
> : Time

GeMM busy cycle

>
Total execution cycle
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Proposed OpenGeMM Overall

= An open-source GeMM
acceleration platform

= Perfectly balance efficiency

and flexibility
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Proposed OpenGeMM Overall

= An open-source GeMM
acceleration platform

= O Programmable GeMM
hardware generator

= 3D spatial unrolling for

high utilization oo Tkt vacommm e
. . . Manager | | [ potProd | | DotProd DotProd
= Design-time and run time
. agn KUXKu @GEMM KuXKu
DotProd DotProd
flexibility gomu || 29F%  potprod Array oo
My
I Rows Datapath I
GeMM K, xKy || Ky x K K, x K
A(;:::ﬁ;:g:r D(l)jtProlcji D:tProl::l 4—» D:tProlcll

OpenGeMM Arch. Overview

aamm——— e

21



Proposed OpenGeMM Overall

= An open-source GeMM
acceleration platform

= O Programmable GeMM
hardware generator

= @A lightweight RISC-V

host processor
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Proposed OpenGeMM Overall

Multi-banked
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Proposed OpenGeMM Overall

s Three mechanisms for

high temporal utilization

= O Configuration pre-
loading

= @Input pre-fetching with
output buffering

= @Programmable strided
memory access
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GeMM Accelerator Dataflow

s Blocked GeMM acceleration

= 3D spatial unrolling (SU)
= 3D temporal unrolling (TU)

Dataflow in the GeMM Accelerator
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GeMM Accelerator Architecture

Dataflow in the GeMM Accelerator
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GeMM Accelerator Architecture

Dataflow in the GeMM Accelerator

\

Blocked GeMM acceleration
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3D SU for High Spatial Utilization

= 3D SU balances unrolling of each dimension

= 16x16 matrix mapped on 2D 32x32 (1024 MAC) PE
array
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Workload

PE Array
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Underutilization =
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3D SU for High Spatial Utilization

= 3D SU balances unrolling of each dimension

= 16x16 matrix mapped on 2D 32x32 (1024 MAC) PE
array: utilization = 25%

= 16x16 matrix mapped on 3D 8x8x16 (1024 MAC)
PE array

16 16
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- —

8
Workload PE Array
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3D SU for High Spatial Utilization

= 3D SU balances unrolling of each dimension

= 16x16 matrix mapped on 2D 32x32 (1024 MAC) PE
array: utilization = 25%

= 16x16 matrix mapped on 3D 8x8x16 (1024 MAC)
PE array: utilization = 100%
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! m (i 7rs74744

16 X 16 8

BN
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Workload PE Array
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Mechanisms for High Temporal
Utilization

= (1) Configuration Pre-
loading at control panel
= Double buffered
configuration

= Overlap configuration
and computation
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Mechanisms for High Temporal
Utilization
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Mechanisms for High Temporal
Utilization

= (1) Configuration Pre-
loading at control panel

= Double buffered
configuration

= Overlap configuration
and computation

= (2) Data Pre-fetch and
Buffering
= Input data prefetch
= Output data buffering
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Mechanisms for High Temporal
Utilization

= (1) Configuration Pre-

loading at control panel e o
g p Cfg. Streamers |Cfg Data is fetched only [Cfg Next computation happens
Cfg. GeMM cfg after configuration cfg after previous task finishes

Read B INPUT B INPUT B

= Double buffered /

Compute COMPUTE COMPUTE

configuration et por [omre ] owmre ]

3

Longer sequential cycle time. No overlapping of cycle time. Time

u OVG rl ap CO nfl g U ratl O n (a) Without configuration pre-loading, data prefetching, and output buffering
an d CO m p utati O n /—ﬁo Configuration pre-loading can load successive configurations
Cfg. Streamers |Cfg|Cfg| _

Data prefetching can fetch data immediateley

FIFO A INPUT A INPUT A after configuration
FIFO B INPUT B INPUT B
Cfg. GeMM @Cfgl Output buffering can compute while
Compute COMPUTE CDMPUIVQ writing data to memory
0 (2) Data Pre-fetch and s [ owmure
Write Buff 2 OUTPUTC \

3

Buffering (b) Wih configuration pro-loading, data refetehing, and output buffring
= Input data prefetch
= Output data buffering
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Mechanisms for High Temporal
Utilization

= (3) Strided memory access for
bank contention alleviation
= Banked data layout
= Flexible address generation

1
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Mechanisms for High Temporal

Utilization

= (3) Strided memory access for

- - - 8 C1 Cc2
bank contention alleviation g EoT AT el
n Ban ked data |ay()ut . A - « v ) C13|C14|C23|C24
= Flexible address generation A5 | a4 Bt | Be | [T
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OpenGeMM Reusability and Flexibility
Summary

Table 1: Customizable OpenGeMM design-time parameters and

runtime programmable configurations.

Type

‘ Parameters ‘

Meaning

@ Parameters for GeMM core

My, Number of rows of the array
Ny Number of columns of the array
o Ku Size of each DotProd
Design time - —
Py Integer bit precision of A
Pp Integer bit precision of B
Pe Integer bit precision of C
M/ My Temporal loop bound of M dimension
Run time N/Ny, Temporal loop bound of N dimension
K/Ku Temporal loop bound of K dimension

o

@ Parameters for memory system

Pre-fetch buffer

Dstreamer and output buffer depth in the streamer
Design time Rmem Input memory ports
Winem Output memory ports
P.ord Memory port data width
Npank Number of banks
Dimem Bank depth
LBgtreamer | Loop bounds for the address generation
Run time BAgtreamer | Base address for the address generation
Sstreamer Strides for the address generation

1 Bank || Bank(|2 "g“'“'tb?‘"k‘;d Bank | | Bank
: ""Ibank"I ""Ibank'2 cratchpa 1 0
Design Memory (SPM)
time
N Memory Crossbar Interconnect N
R t ~ ~ ~ ~ ~ ~
unume 64-bit L Rmem /2 L, Rmem /2 % Wiem %
Datawidth 7| =8ports/| /] =8ports/| /] =232ports”
Y e Y Y e Y Y = Y
Address BufferA BufferB BufferC
Generator || Streamer-In Streamer-In Streamer-Out
Data streamers A
PwordXRmem/2 |, PwordXRmem’2 L, PwordXWmem L
=512bits ] =512bits ] =512bits
A 4 A 4
Snitch CSR KyxK, || KgxK, | NyColumns Ky x Ky
Rv32l Manager ( | | potProd | | DotProd DotProd
1
:u xK, @ GeMM K, x K,
GeMM otProd DotProd
Config DotProd Array
Mu D
atapath
I Rows P
Acs:llt\:rr:tor Ku XKy || Ky x Ky Ku X Ky
Generator DotProd || DotProd| «—— | DotProd
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Experimental Setup — OpenGeMM

Hardware Generation

System
generation

Arch.

OpenGeMM

Chisel
System Verilog

Mako

RTL
Generator

Chisel
\ 4

compiler

Sythesisable
Verilog/SV

Design
time
CFG. file

Evaluation instance

GeMM array: 8x8x8
Input: int 8
Qutput: int 32
FIFO depth: 3
Mem bank width: 64
Mem bank depth: 1056
Num of bank: 32
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Experimental Setup — Performance

System OpenGeMM
: Arch.
generation
Chisel
Perf. Eva System Verilog Evaluation instance
) ' Mako
GeMM array: 8x8x8
: Input: int 8
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RTL LEsian Output. int 32
< time FIFO depth: 3
Generator CEG. file Mem bank width- 64
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Experimental Setup — Area and Power

System
generation
Perf. Eva.

Area&Power
Eva.

OpenGeMM
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System Verilog

Mako

Evaluation instance

GeMM array: 8x8x8
Input: int 8
QOutput: int 32

time

Generator

Y

l

VLS| sythesis

@TSMC
16nm
200MHz

‘ System

Cell area
power

Chisel compiler

FIFO depth: 3
Mem bank width: 64
Mem bank depth: 1056
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A
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GeMM Core Utilization Analysis

500 different computational matrix sizes (M, K, N) where M,
K, N €18, 16, 24,. .., 256}

Configuration pre-loading (CPL): 1.4 X

Input pre-fetching and output buffering: 2.02 X

Strided memory access (SMA): 1.18 X

. -
. %ﬁ B

5asein® @CPL- th=12 thgﬂs\\'\'; ¢3*5\\‘\*; _a+SMA

P
gufLe 0 0

OpenGeMM with Different Mechanisms

o
(e0]

GeMM Core Utilization
o
o

o o
N I
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Real-life DNNs Benchmarking

Real-life CNNs and Transformers
Temporal utilization: 93.74-99.80%

Spatial utilization: 87.36-99.54%
= Im2col-ed matrix irregularity in MobileNetV2

Overall utilization: 81.89% to 99.34%

Table 2: Utilization (in %) and performance (in cycles) of
OpenGeMM on real DNN workloads.

MobileNetV2 ResNet1l8 ViT-B-16 BERT-Base

SU* 87.36 96.01 98.41 99.54
TU% 93.74 99.72 99.75 99.80
0] 0K 81.89 95.74 98.16 99.34
cc®  3.33x108 9.29x 105  1.79x 1019 4.93 x 1010
[*] Spatial utilization. [T] Temporal utilization.
[£] Overall utilization. [§] Cycle count.

DRAM and on-chip memory communication cycles are not counted.



Area and Power Evaluation

= 0.531 mm?2 total cell area @TSMC 16nm FFC 200MHZ
= 43.8 mW system power under (32, 32, 32) GeMM workload
= 204.8 GOPS peak performance, 4.68 TOPS/W efficiency
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Area and Power Evaluation

= 0.531 mm?2 total cell area @TSMC 16nm FFC 200MHZ
= 43.8 mW system power under (32, 32, 32) GeMM workload

204.8 GOPS peak performance, 4.68 TOPS/W efficiency

B Multi-banked SPM mm ICache RISC-V core Peripherals
GeMM core . DMA [0 Data streamers Others

1.13%\7.34% 10.36%

Y 6%
I. 000\\'

(a) Cell Area Breakdown (b) Total Power Breakdown
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State-of-the-Art Comparison - Utilization

= OpenGeMM vs. Gemmini [2] with output-stationary (OS) and
weight-stationary (WS) mode

s 3.75X 10 16.40 X better vs. Gemmini OS
s 3.58 X to 15.66 X better vs. Gemmini WS

B Gemmini OS
1 I Gemmini WS
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State-of-the-Art Comparison - Overall

Table 3: State-of-the-Art Comparison. The efficiency metrics shown for each platform are system efficiencies.

Accelerator SIGMA CONNA Gemmini DIANA RBE RedMule | OpenGeMM
[26] [13] [12] [19] [11] [15] This Work
Tech (nm) 28 65 22 22 22 22 16
Area (mm2) 65 2.36 1.03 8.91 2.42 0.73 0.62*
Memory (KiB) 6,000 144 256 512 128 128 270
Freq (MHz) 500 200 1000 280 420 470 200
224 (Dig.) | 637 (2b)
Peak Perf. (GOPS) 16,000 102.4 512 10 (AIMO) | 91 (8b) 89 204(8b)
) 1.7 (Dig.) | 12.4(2b)
Peak Eff. (TOPS/W) 0.48 0.856 s (AMO) | 074 (8b) 1.6 4.68(8b)
25 (Dig.) 263 (2b) T
Peak Perf./Area (GOPS/mm?2) 246 43 497 45 (AIMC) 37 (8b) 121 329(8b)
0.2 (Dig) | 5.12(2b) 1
Op-Area-Eff. (TOPS/W/mmz2) 0.0073 0.363 0.44 (AIMC) | 031 (3b) 2.2 7.55(8b)
Supported Precision BFP 16, FP 32 | INT 4, 8, 16, 32 INTS8 INT 8 INT 2, 4,8 FP 8, 16 INT 2, 4, g¥
Open Source v X v v v v v
Generated Arch.” X v v X X X e
Design- and Run- time Cm‘lﬁg.rII X v v X Vv v Ve

" Means the design comes from a hardware generator like Chisel.

1 Has parameters configurable during design-time (or hardware design configurations) and run-time (or programmable),
" After placement and routing layout area estimation with 60% cell density according to [27].

¥ Design-time configurable.

47



Conclusion and Future Work

Conclusion
= OpenGeMM: an open-source GeMM acceleration platform

targeting edge Al applications

= GeMM accelerator generator, a lightweight RISC-V processor, and a
tightly coupled memory system

= Three mechanisms for high hardware utilization at the
system level

= Configuration pre-loading, input pre-fetching with output buffering,
and programmable strided memory access

Future Work

= More flexible/sparse GeMM core generation, multi-core
computing cluster...

= Maping more emerging workloads
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GitHub Repository

s Standalone GeMM
core generator

= https://github.com/K
ULeuven-
MICAS/snax-gemm

= System platform

« https://github.com/K (@) scan ME

ULeuven-

MICAS/snax_cluster @ | ]ﬁ

EUVEN
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https://github.com/KULeuven-MICAS/snax-gemm
https://github.com/KULeuven-MICAS/snax_cluster

Q&A

Thank you for listening!
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