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O The quest for energy-efficient Al at the Edge of the IoT
B The performance-power proportionality goal
B Dealing with the end of the Dennard’s scaling

[0 Low-power heterogeneous computing: mitigating deep acceleration effects
B Multi-core heterogeneous systems
B Tightly-coupled digital acceleration
B Heterogeneous analog in-memory computing (AIMC) systems

[0 Insights for scaled-up heterogeneous powerful architectures
®m AIMC many-core architecture
B Asymmetric chiplet-based systems

O Conclusions & Outlook
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The Quest for Advanced AI Computing at the Edge
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0 Computing requirements for Edge Al
B Al capabilities under tight power (passive cooling, few hundreds mW of budget)

B Real-time constraints (Latency as important as Throughput)
B Tight area budget (on-chip memory limited to ~1MB)

Obstacle avoidance
& Navigation
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Reduced Precision DL Models
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[Bianco et al. IEEE Access, 2018]

O MVM workload dominates (massive parallelism)
[0 Strong resiliency to Quantization (low-precision integer arithmetic is ok)
[0 Mixed-precision quantized neural networks (QNNs) are the natural target for Edge Al
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The Performance-Power Proportionality Goal

High-Performance MCU
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1pJ/OP @ GOPS is the challenge

[J Pineda, NXP + Updates]
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Technology Scaling is Not Enough
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Hennessy and Patterson, Turing Lecture 2018, ovcrilvd over “42 Years of Processors Data"”
https://www.karlrupp.net/2018/02/42-y f- trend-data/; “First Wave” added by Les Wilson, Frank Schirrmeister

Original data up to the year 2010 collected and plotted by M. Horowitz, F. Labonte O. Shacham, K. Olukotun, L. Hammond, and C. Batten
New plot and data collected for 2010-2017 by K. Rupp

[0 Increase number of processing cores (..but up to how many cores?)
[0 Hardware specialization (..but what about flexibility?)
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HP Systems: Tesla Full Self Driving SoC Example

GPGPU for

post-processing
(single & double FP)
600FLOPS@1GHz;

Three clusters of
Quad Arm Cortex-
A72 for GP
processing (2.2GHz)
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36.8TOPS/NN @2GHz;
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A Full Self-Driving (FSD) SoC in 14nm FINFET technology
O 6 B Transistors within 265mm? die area, ~100W Power Envelope
d 68 GB/s on-chip BW
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Outline

[0 The quest for energy-efficient Al at the Edge of the IoT
B The performance-power proportionality goal
m Dealing with the end of the Dennard’s scaling

O Low-power heterogeneous computing: mitigating deep acceleration effects
B Multi-core heterogeneous systems
B Tightly-coupled digital acceleration
B Heterogeneous analog in-memory computing (AIMC) systems

[0 Insights for scaled-up heterogeneous powerful architectures
®m AIMC many-core architecture
B Asymmetric chiplet-based systems

O Conclusions & Outlook
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Near-Threshold Parallel Computing
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[0 SIMD insns rather than super-scalar execution for high energy-efficiency
[0 More PEs at the optimum energy point working on parallel workloads
[0 .. To achieve high performance-power proportionality (1pJ/Op @ GOPS)
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Parallel Ultra-Low Power (PULP) Platform
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[Rossi et al. JSSC 2022]
N Specialized RISC-V cores (domain-specific ISA instructions)

Single-cycle latency Logarithmic Interconnect towards TCDM

SW-managed (DMAs) tightly-coupled data mem (TCDM) rather than data caches
Synchronization in HW for low-energy thread dispatching and PEs synch

O0o0od
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Processor Specialization

|
4-stage, single in-order issue pipeline
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O [Baseline] RV32IMC: not good for machine learning workload (~44kGE)
O [DSP] Xpulp: 16/8-bit SIMD, HW loops, post-modified LD/ST & bit-manip. insns (~55kGE)
O [AI] XpulpNN: 4-bit, 2-bit SIMD (and mixed-precisions) & fused MAC-Load ops (~65kGE)
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DNN Acceleration Through Domain-Specific ISA

8-bit Convolution Kernel

RV32IMC RV32IMCXpulp [DSP] RV32IMCXpulpNN [AI]
N/4 init NN-RF (outside of the loop)
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e S0t LE":dep'b s4, w2, x2 Up to 1.7x less insns than Xpulp

19 na: ... . . .
add t0,10,a7 Up to 94% Dotp-Unit utilization
mul a5,a5,t5 ] (o) o -
e T as 9x less insns than RV32IMC 18% & 2.5% extra-area & power
add t6,16,a5 229%bo area & 9% power overhead
bne s5,a0,1c000bc

O Power 1 (slightly); Latency 8 8 §(>10x) on QNN kernels = Energy § {
[0 Parallelization of the workload (multi-core) for high throughput
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8 RVXpulpnn Cores Cluster (22nm)
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2-bit convolution
[Garofalo et al. IEEE TETC, 2021]

4-bit convolution

8-bit convolution
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Multi-Core Heterogeneous Computing

Power analysis of a parallel 8-bit x 4-bit convolution
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[0 Reduce unnecessary power consumption (not spent in computation)
[0 Exploit convolution’s instruction and memory data access pattern regularity
[0 Increase energy efficiency at low extra-area cost

[0 - reconfigurable MIMD/SIMD architecture
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Multi-Core Heterogeneous Computing - 2
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[0 Cores enter in SIMD (VLEM) mode when executing regular kernels (in two clock cycles)
O In SIMD, instruction flow orchestrated only by the MAIN core - Less energy
[0 Cores resume in MIMD mode on divergent branches (..or control tasks) = Flexibility
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Multi-Core Heterogeneous Computing - 3

TCD Convolution exec. kernels
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A%

0 Overhead: many clk cycles to unlock execution in case of concurrent accesses
B Eliminate overhead to access at same address > BROADCAST UNIT
M Misalign static data and stacks to avoid accesses to the same mem bank
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System Scalability

Results from convolution kernels run on 65nm silicon prototype
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[Ottavi et al. arXiv 2022]

[0 Performance bottleneck at the core’s boundaries (single 32-bit data port)
[0 Energy efficiency bounded by limited scalability of low-latency local interco

0 Custom datapaths to improve throughput and efficiency..

0 ..but at which cost?

Angelo Garofalo
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Specialized AI Accelerators - Digital
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[Song et al.,
ISSCC19, 8nm]

[Moons et al.
ISSCC 2017]

[Desoli et al.,
ISSCC17, 28nm]

[Lee et al.,
ISSCC18, 65nm]

[0 Custom MAC units, data-paths, data precision (binary, ternary, 2-8 bits)
O Perf. [0.1, 1] TOPS, En. Eff. [1, 100] TOPS/W
[0 Hardware challenge moved at the boundaries, on data movements

Angelo Garofalo
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Specialized Al Accelerators - Analog

DAC

ADC

High Bandwidth ‘

INPUT
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Bendwidtf
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Not in scale

MU RY=

Analog
Dot-product
operations

[Khaddam et al. [Fick et al. [Jia et al.
JSSCC, 2022] ISSCC 2022] ISSCC 2021]

O Perf.: [10, 100] TOPS
O En. Eff. [100, 1000] TOPS/W

Weights are stored where the computation happens (nvAIMC arrays)
Analog MAC more efficient than digital MAC (10x better perf. and en. eff.)
Energy efficiency vs. accuracy

Compute density vs. re-programmability

Angelo Garofalo
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Edge AI Processors

ISA-based multi-core
acceleration 1-5$/OP SW progrfammable
Custom digital data-paths 0.05-1 pJ/OP Re-configurable

Analog In-Memor
Comguting coresy 10-100 fJ/OP Only MVMs

[0 Heterogeneous integration for
flexible and efficient AI computation | : , ; :
B But this introduces some f e : - e

challenges... [Ueyoshi et al. [Jia et al. [Rossi et al.
ISSCC 2022] JSSC 2020] JSSC 2022]
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Towards Heterogeneous Integration

[0 Performance bottleneck keeps shifting toward non-accelerated kernels
[0 (as consequence of Amdahl’s effect)

m Solutions
B Balance workload through many acceleration sub-systems
m Residual computation perfomed in SW

0 Hardware challenge becomes efficient data movements within the system
m Solutions
®m High-bandwidth low-latency interconnect
B Reduce data-exchange latency through tightly-coupled integration schemes
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Tightly-Coupled Digital Acceleration
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HETEROGENEOUS TIGHTLY-COUPLED PULP CLUSTER [Garofalo et al. 0JSSCS, 2022]

O Acceleration with flexibility: zero-copy HW/SW cooperation
O Many tightly-coupled accelerators for Amdahl’s effects mitigation
O HCI: Low-Latency (one clk cyc), High-Bandwidth (76B/cyc)
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Hardware Processing Engines (HWPEs)

Max BW depends on the
width of data interface

Aggregate BW depends
on # of mem banks

/ (128B/cyc for 32 banks)
ENGINE
STREAMER data
DATALATE D interface j :
[ Buffers | N 5| LOW-LATENCY | % sysTEM
G oareien INTERCONNECT MEMORY
CONTROLLER ctrl
[ Bufers ] Shadow Registers || [MPT12%° [ PERIPHERAL
0 —_— INTERCONNECT
EXECUTIONFSM | LI FoM
Hardware Processing Engine (HWPE) [Conti and Benini DATE, 2015]

0 HWPE efficiency:
B Dedicated control (no I-fetch) with shadow registers (overlapped config-exec)

B Specialized high-BW interconnect towards L1 buffer (on data interface)
B Specialized compute datapath & minimal internal storage (e.g. line buffers)
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Heterogeneous Cluster Interconnect

Shallow Interconnect

N
oo el el el

[0 Processors with their narrow memory ports are arbitrated in the LIC
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Heterogeneous Cluster Interconnect - 2

-
Logarithmic Interconnect (LIC) ShaIIow Interconnect
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Dynamic Last Level Multiplexing
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[0 HWPE exposes a unified high-bandwidth port (e.g. 256-bit) towards the shallow
interconnect (simple “wide” port reordering block without self-contention)

Angelo Garofalo ISSCC 2023 - Forum 6.4: Is an AI accelerator 25 of 44
all you need? Overcoming Amdahl's law with
tightly-coupled heterogeneous accelerators.



Heterogeneous Cluster Interconnect - 3

-

Logarithmic Interconnect (LIC) Shallow Interconnect
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[0 Final level dispatches accesses to single 32-bit memory banks and manages
conflicts by means of rotating configurable priority (e.g. max 3 stall cycles)

O If no conflicts, HWPEs and cores can access concurrently the memory.
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HW Synchronizer

m . " | mem banks
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[Glaser et al.
PULP CLUSTER IEEE TPDS 2020]
[0 Fast and low-energy thread dispatching and synchronization
[0 Automatic clock gating of PEs waiting on a barrier
[0 Event-based computation (between accelerators/DMAs and GP cores)
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Tightly-Coupled Acceleration: Success Stories

DCLPHIN

KU LEUVEN

HWPEs: transposer, systolic e e . .
array, deptthise’enygine.. Marsellus SoC with RBE Diana SoC with AIMC

[Garofalo et al. ESSCIRC 2022] ISSCC 2023 (to appear) [Ueyoshi et al. ISSCC 2022]

EIEIE] A2 MAGICS GREENWAVES (§
TinyVers SoC with HWPE GAPS SoC with NE16
[Jain et al. IEEE VLSI 2022] (commercial)
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GAP9 with HWPE (NE16)

Benchmark Results
Task Visual Wake Words Image Classification Key d Spotting A ly D i
Visual Wake Words Google Speech
Data t CIFAR-10 [ ToyADMOS (ToyCar)
Model MobileNetV1 (0.25x) ResNet-V1 DSCNN FC AutoEncod
A 80% (top 1) 85% (top 1) 90% (top 1) 0.85 (AUC) |
P (s) & |Accel (s) & Latency in |Energy in |Latency in |[Energy in |Latency in |Energy in |Latency in |Energyin ||
Submitter Board Name SoC Name Number Numb Softr Notes Units ms uJ ms ud ms uJ ms uJ |
Greenwaves RISC-V Core GAP3 (370MHZ,
i GAP9 EVK GAPY (1+9) NE16 (1) GreenWaves GAPFlow 0.8Vcore) 143 58.4 062 404 048 267 0.18 7.29
Greenwaves RISC-V Core GAP2 (240MHZ,
Technologies GAPY EVK GAP9 (1+9) NE16 (1) GreenWaves GAPFlow core) 1.73 0.95, 27.7 0.73 186 0.27 525
e
OctoML NRF5340DK nRF5340  [M33 microTVM using CMSIS-NN backend 128MHz 2320 16.1 76.1 6.27 |
STM32L4R6Z [Arm® Cortex®-
OctoML NUCLEO-L4R52ZI |IT6U Ma microTVM using CMSIS-NN back 120MHz, 1.8Vbat 3012| 155314 380.504,20236.3 098 52303 8.60 4432
STM32LARSZ [Arm® Cortex®-
OctoML NUCLEO-L4R52ZI |IT6U M4 microTVM using native n 120MHz, 1.8Vbat 3365 171316 3892| 21 1440 79505 1.7 633.7|
Arm® Corox®. |
Plumeral B_US851_IOT02A |STM32U585 [M33
CYBCPROTO-062-|PSoC 62 |Am®C k H b b H I 1 H f
Pumers i = | Working at best E.E. MobileNetV1 inference
Arm® C
Plumerai DISCO-F746NG Ismszfns M7 1 H 1 1 3 1 J
e operating point in 1.73ms at 41u
Elmeral MUCEED LaRRZI ST Bl mee—
Arm® Cortex®- TensorFlowLite for Microcontrollers, CMSIS-NN,
Silicon Labs xG24-DK26018 |EFR32MG24 [M33 Silicon Labs MVP(1) _|Silicon Labs Gecko SDK
NUCLEO-H7ASZ- |STM32H7ASZ |Arm® Cortex®-
STMicroelectronics  |Q IT6Q M7 X-CUBE-AI v7.3.0 280MHz, 3.3Vbat 50.7| 79785 543| 87073 168| 27218 1.82 2665
STM32L4R5Z |Am® Cortex®-
ST NUCLEO-L4R5ZI |IT6U M4 X-CUBE-AI v7.3.0 120MHz, 1.8Vbat 2305 10066.6 2269 106816 751] 33717 7.57 3230
NUCLEO-U5752ZF- |STM32U575Z |Arm® Cortex®-
STMi tronics_|Q IT6Q M33 X-CUBE-AIV7.3.0 160MHz, 1.8Vbat 1334| 33645 139.7| 36420 442| 11385 484 1191
Syntiant NDP9120-EVL___[NDP120 MO + HIFi Syntiant Core 2 (98MH]Syntiant TDK Syntiant Core 2 (98MHz, 1 4.10) 97.2| 5.12 139.4 1.48 43.8] |
Syntiant NDP9120-EVL __|NDP120 MO + HiFi Syntiant Core 2 (30MH] Syntiant TDK Syntiant Core 2 (30MHz, 0 12.7 71.7 16.0 101.8 4.37 315 |

Next Generation  |Generation
S

Qualcomm Mobile Platform  [Mobile Q Kryo | ing
|Innovation Center  |HDK Platform CPU(1) Hub(1) Q Al Stack 0,098

[0 Best-in-class in latency and energy efficiency in MLPerf Tiny 1.0
O ..by two-to-three orders of magnitude
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Heterogeneous In-Memory Computing Cluster
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v
CDM STATIC MU Streamer |
IMA subsystem

HETEROGENEOUS CLUSTER INTERCONNECT

T R

[Garofalo et al. IEEE JETCAS, 2022]

a 34 AIMC Xbars, 25mm? layout in 22nm FDX technology
d Enough storage capacity to host a full MobileNetV2 (~1MB) execution
d Sequential execution model tailored for the needs of an advanced IoT device
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Heterogeneous In-Memory Computing Cluster

~ ; Engine\\ 0 256x256 PCM-based IMC array
_{ S ) [ Programming ) ] o )
( m M Circuitry O Weights precision: 4-bit
Ctrl| itf ] ] [ PcmcrossBAR . . .
2 O Input/Output precision: 8-bit
) Controller L& § O MVM operations: 130K in 130ns
51 |8 d Peak performance 1TOPS
<] 7] SOURCE *—J E S P
Gttt = ] O O Peak Efficiency 11.7 TOPS/W
5 SINK 1~ FIFo [ ADCBUFFERs |
Streamer B OUTPUT PIPE REGS | O Integrated into HWPE
N ! J
\_ IMA subsystem / O Data_itf sized to sustain BW
[Ottavi et al. AICAS, 2021] requirement of the IMC core
[Khaddam et al. JSSCC, 2022]
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Roof-Line of an IMC Heterogeneous Cluster

Cluster @ 500 MHz. Sequential IMA Cluster @ 250 MHz. Sequential IMA Cluster @ 250 MHz. Pipelined IMA
S ' g / 57 T
Z- 103 ) - {103 /// /’/,7" 103 /// /? %
~\¢\.\f\// ///// O~ y
8 {go"ocf«/ d ” /‘//E 1‘0‘90?>/ y ,;‘:///‘
% 4753 o AP <
—_— 9 W@ ” o ez y o~
o : A o = / E
Q @® P * 2 A
o 8 r 5
© o 102f- 102 1020~ 8%
(o) e &
g -l £ 1 IMA compute ROOF -~ IMA compute ROOF %‘N/:’/ O -~ IMA compute ROOF
o / ! ¢ perf@BW32b perf@32b_bus_width o>~ ® perf@320_bus_width
G N ¢ perf@BW64b perf@64b_bus_width & perf@64b_bus_width
Gh) )2 ¢ perf@BW128b perf@128b_bus_width @ perf@128b_bus_width
a ¢ perf@BW256b perf@256b_bus_width & perf@256b_bus_width
1 ¢ perf@BW512b 1 "/' perf@512b_bus_width 1 ’," ¢ perf@512b_bus_width
10161 107 10761 102 10561 102
Op. Intensity [OP/B] Op. Intensity [OP/B] Op. Intensity [OP/B]
Log scale Log scale Log scale

d Compute roof determined by MVM op. latency, XBAR size and array utilization
d BW determined by architecture and physical implementation of digital system
A Pipelined execution (overlap computation with streaming) to fully utilize BW
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End-to-End MobileNetVV2 Execution
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2.3x
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A Peak Performance bounded to ~1TOPS due to
sequential execution model ..

O How do we scale-up? Towards many-core IMC
system..

AIMC conf2 AIMC+DACC+SW
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Outline

[0 The quest for energy-efficient Al at the Edge of the IoT
B The performance-power proportionality goal
m Dealing with the end of the Dennard’s scaling

[0 Low-power heterogeneous computing: mitigating deep acceleration effects
B Multi-core heterogeneous systems
B Tightly-coupled digital acceleration
B Heterogeneous analog in-memory computing (AIMC) systems

O Insights for scaled-up heterogeneous powerful architectures
m AIMC many-core architecture
B  Asymmetric chiplet-based systems

O Conclusions & Outlook
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Explorative Scaled-up AIMC Many-Core System

Het. Cluster (CLU) Many-core System
. - Ll Local TCDM \\\ HBM
\ B2 83| B B SN [ Seei] chip domain
' P33T 3T 88388 S :
l i : Crossbar . L1 — i [ |
v v Y v ,*‘ quad L2 E
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, = ] DA . bl £ q o |
7 s-.-‘.~~ = o [ quadrant |
! _IMC Accelerator™===._ o |
" Analog domain | s | |
<« § > g‘é AIMC CORE —¢— [ - |
~ § |73 ‘ ' L3 of o = I
3 g | v - ¢ =
DG et
< CTRL | output buffer [Bruschi et al. arXiv, to appear at DATE ‘23]

d 512 cluster, Low-Latency Hierarchical NoC;
d Not anymore in the IoT Domain (multi-core AIMC parallelism, batching exec.)
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Exploring System-Level Inefficiencies (ResNet-18)

500 A A A
n
& 400 \
B 1.6x
9 23.8x 28.4x
]
gzoo
s 3.0x
8100 v
\ 5.0x 1.2x
v v

0 ideal global local intra-layer communication
mapping mapping unbalance
O HW-aware design space exploration framework to balance resources
O More Heterogeneity &> Analog Clusters, Purely Digital, Purely SW, Mem..
0 Custom execution scheduling to increase HW resource utilization
d On-Chip communication seems not a big issue..

d ..but strong assumptions made on chip area: 480mm2 -> Chiplets!
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Leveraging Chiplet Technology: Occamy example

ETHz(irich d Dual chiplet system “"Occamy”

O Tech: GF12LP+

": GlobalFoundries O Chlpl@t area 73mm?2
|

rambus e . " —=(0 HBM2e
N 0 16 GB
Ay?lcron‘
d Interposer “"Hedwige”
SYNOPSYS Q Tech: GF 65nm, passive

Pre-cursor dem;xm&nstrators: [Zaruba et al., IEEE TC, 2020] [Zaruba et al., IEEE Micro, 2020]

O Mitigate slow-down of Moore’s Law and end of Dennard’s Scaling

O Enable heterogeneity at chiplet level (also different technology nodes)
O Unified chiplet interfaces required to ease integration & packaging
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Occamy Chiplet

CVAG6: Linux-capable
manager core

to Group AXI Narrow 64bit
| 4

TCOM Memory 128k8
32x

Bank0 | Bank1  Bank2 | Bank3  Bank4 Bank§ anm Bank 28 ° Bank 30 Bank 31

TCDM Interconnect

el Ll
cCc7 DMACCS8
Lots - s Lot

Shared L1 1$

to_Toplevel AXI

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

7.0 mm —

Cluster
Peripherals

Cluster Cluster
(8+1 cores) (841 cores)

Cluster AXI Narrow 64bit

(1) FRU. [ Lo/L11g \ @FRU | Lo/L11s

128kB TCDM 128kB TCOM 1x DMA

to Group AXI Wide 512bit

216 “snitch” cores/chiplet, 384 GDFLOPS/chiplet @ 1 GHz

On-chip memory: 8-ch 16 GB HBM2e @ 512 GB/s, 2MB + 512kB per cluster SPM
Hierarchical on-chip interconnect based on AXI4 protocol

D2D link: 304 Gb/s @ 250 MHz (duplex)
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Conclusions & Outlook

[0 Efficient data movements and mitigation of Amdahl’s effects are key challenges to
address to scale up Al efficiency on low-power but also high-performance systems

[0 Current trend towards multi-core heterogeneous Al systems
B Many heterogeneous accelerators tightly-coupled to SW cores
B Fast and efficient on-chip communication
B Event-driven execution modes for on-demand resource scheduling

[0 Challenges and Outlook
B System-level integration of multi-core AIMC processors
B Heterogeneous hardware design space exploration
B Leveraging chiplet technology to deploy massive heterogeneity in a single system
u

Optimized hardware-aware Al schedulers & compilers to improve data reuse (i.e. reduce
data movements), HW utilization, overall system compute efficiency
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Is an AI Accelerator All You Need? Overcoming
Amdahl’s Law With Tightly-Coupled Specialized
Accelerators
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and Other Specialized Processing”



From High-Performance to Low-Power

[0 Multi-Core Architectures
B Speed-up general-purpose tasks
B Domain-specific insns rather than super-scalar cores for higher en. efficiency

[0 Dedicated acceleration solutions to boost Al workloads
B Processor specialization (low-bitwidth integer arithmetic)
B Dedicated digital/analog data-paths

[0 Heterogeneous Integration to mitigate deep acceleration effects
B CPUs + domain-specific GP cores + NN Engines
B High-Bandwidth Low-Latency On-Chip Communication
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The Tunnel: High-Performance vs. High-Efficiency

350 T T T T _ 1-issue out-of-order,
P never efficient
Instr Memory ::fn-order, 1-issue
Instr Address Instr Data Data Memory 2 3001 !norder, 2-!ssue
Data s —"in-order, 4-issue
S 250t —*— out-of-order, 1-issue
‘:é —&—out-of-order, 2-issue
E 200 | —* out-of-order, 4-issue
%
RF <
& 150[
: 100T : —
Branches 500 560 1o'oo 1slbo Ezoloo
Performance (MIPS)! ?
Optimal : - o <
Arhiectue AR
d “Classical” core performance scaling trajectory [AZiZiISCA10]
O Faster CLK - deeper pipeline - |IPC drops
O Recover IPC - superscalar - ILP bottleneck (dependencies)
O Mitigate ILP bottlenecks > OOO - huge power, area cost!
Angelo Garofalo ISSCC 2023 - Forum 6.4: Is an AI accelerator 45

all you need? Overcoming Amdahl's law with
tightly-coupled heterogeneous accelerators.



Extended Dot-Product Unit
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Mixed-Precision Controller

SIMD Vector A SIMD Vector B O

il

D N\

l

DOT- PRODUCT MODULE

| Result I

Mixed-Precision operations
require a controller:
selection of the correct sub-
word of the lowest precision
operand (Vector B) to be
used in current SIMD op.

The controller is
programmed by control
status registers (CSRs).

Angelo Garofalo
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Dynamic Bit-Scalable Execution

Standard Instructions O Virtual Mistusdiorstructions
_ m : -

\ic Bit-

le Execution
10,4(x4")
11,4(x5!)

p.v x20,x11,x10

ed at

D insn

int main()

{

SIMD_FMT(M8x4);
convolution(A, W, Res);

SIMD_FMT(M8x2):

I instruction instruction convolution(A. W. Res):
pv.pacqu.b x15, x5, x6 per format per type (A, W, );
pv.packhi.b x15, x7, x8 and type oo b
pv.sdotsp.b x20, x15, x10
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Mac-Load Instruction

[ Decoder
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i ‘insn[24:R0O]°
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A J LA

O MatMul’s operands memory access patern extremely regular
B And known before execution

[0 Fuse MAC with LOAD operations in one single-cycle insns
B "Fused” data-path, contemporary cosume current operand & prefetch next-one
B Reduce overhead of Loads into MatMul innermost loops
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Mac-Load: MatMul Innermost Kernel

8-bit innermost loop of the 4x2 Matmul
kernel of the PULP-NN library

1p.setup
p.lw
p.lw
p.lw
p.lw
p.lw
p.lw

pv.sdotusp.
pv.sdotusp.
pv.sdotusp.
pv.sdotusp.
pv.sdotusp.
pv.sdotusp.
pv.sdotusp.
end: pv.sdotusp.

C OO OCOCOCOCOCCOC

11,
wl,
w2,
w3,
w4,
X1,
X2,
sl,
s2,
s3,
s4,
s5,
s6,
s7,
s8,

12,end
4(awl!)
4(aw2!)
4(aw3!)
4(aw4!)
4(ax1!)
4(ax2!)
x1, wl
x1, w2
x1, w3
x1, wd
X2, wl
X2, w2
X2, w3
X2, wi

HW LOOP

LD/ST WITH POST
INCREMENT

8-B SIMD MAC

8 SIMD MACs
with 6
explicit LOADs

Wi Xi : weight/activation elements
AWi AXi : addresses for the MEM access

Si
Li

8-bit innermost loop of the 4x2 MatMul kernel
of the extended PULP-NN library with nnsdotp

" pv.nnsdotusp.h zero, awl,16
pv.nnsdotusp.h zero, aw2,18
INIT
NN-RE pv.nnsdotusp.h zero, aw3,20
pv.nnsdotusp.h zero, aw4,22
pv.nnsdotusp.h zero, ax1,8
1p.setup 11, 12, end
pv.nnsdotup.h zero,ax2,9
-pv.nnsdotusp.b sl, aw2, O
pv.nnsdotusp.b s2, aw4, 2
pv.nnsdotusp.b s3, aw3, 4
pv.nnsdotusp.b s4, axl, 14
pv.nnsdotusp.b s5, aw2, 17
pv.nnsdotusp.b s6, aw4, 19 8 SIMD MACs
pv.nnsdotusp.b s7, aw3, 21 with 1
end: pv.nnsdotusp.b s8, awl, 23 | explicit LOAD
accumulators
loop setup
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Mac-Load: MatMul Data-Reuse

8-bit SIMD register x1 x2f x3 x4|

NS Y %Y (51 55 58 )51 0
P - E E I
TN = =E ----:
, , 1
w3 (AN ol 57 {su(sis )i
E—— g I \
w 7Y~ N\ N\ ,_-,-
Add. Im2col Add. Im2col
elements for 4x4 elements for 4x4
Register File Resources required 4x2 kernel 4x4 kernel
SIMD SIMD+nnsdotp SIMD SIMD+nnsdotp
Loop Setup 2 2 2 2
Addresses for MEM access 6 6 8 8
MAC oper‘ands 6 © (op. from NN-RF) 8 © (op. from NN-RF)
MAC accumulators 8 8 16 16
Total 22 regs 16 regs 34 regs 26 regs

Up to 94% of SIMD Dotp Unit Utilization on MatMul kernels

Angelo Garofalo ISSCC 2023 - Forum 6.4: Is an AI accelerator
all you need? Overcoming Amdahl's law with
tightly-coupled heterogeneous accelerators.

51



Working with Unreliability: Quentin (ULP)
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Working with Unreliability: Quentin (ULP)
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End-to-End MobileNetVV2 on Darkside
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[0 Heterogeneous acceleration mitigates Amdahl’s effects on Bottlenecks
O Still room to accelerate PW convolutions
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MobileNetV2 mapping on AIMC

Only PointWise
layers mapped
on AIMC

O Tile&Pack algorithm to deploy MBNTv2 on the smallest number of AIMC cores
[0 High storage utilization, poor bit-cell compute utilization on small layers
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Depth-Wise Execution on AIMC

Execution Mappings

> Add DI-\[CslBLlJ_HfER] OUTPUT
W ci i e 7] BUFER [ Fyl| SW solution (8-cores)
Conv 1x1, ! ‘ 1 1 .
Linear =+ O All layers in IMA: 16
— ,:;: . o
TR | ==EE = == channels/job 54% IMA
Stride 1 ” PCM XBAR area overhead
o I, Layer  [size  [IN-CH |OUT-CH | 0 All layers in IMA: 8
Relu6 Convi1xl 28x28 32 192 channels/job 25% IMA
t Dwise 28x28 192 192 area Overhead
——  Input |
Convilasxee NI NN B2 [0 Conv 1x1 on IMA while DW
. on 8 cores: 0% IMA area
= Representative of modern CNN overhead

- Bottlenecks are building block of MobileNet [0 Conv 1x1 on IMA, DW on

= DW are used to reduce number of parameters in . :
CNN for mobile applications Dig Acc., Final Add on SW

= DWs do not map efficiently on IMA Cores
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Mitigation of Amdahl’s Law on Het. AIMC System

Execution of Bottleneck layer
pw_layer_256_256 O pw_layer_ 0 ®hwc_to_chw @dw_layer_1 ®pw_layer_2 M Residual

1 1

61x 1.2x
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0.6

o
o

0.4

0.2

o
N

NORMALIZED PERFORMANCE

o

O AIMC cores inefficient to execute depth-wise convolutions
A Poor utilization of the XBAR
O Better to split workload among diversified compute blocks
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AIMC Performance, Energy and Area Efficiency

Execution of Bottleneck layer
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AIMC-Based System vs Purely Digital Systems

End-to-End execution of MobileNetV2

n 60 423x  9.9x
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= 40
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+ IMC  digital Het. (IMC)

[0 Single-core MCU is inefficient to complement AIMC computing capabilities
[0 AIMC heterogeneous cluster for highest performance
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AIMC Many-Core Computational Model

. : batch ID -> one new batch after MAX(in,compute,out)
Pipeline stages

3
in [0] Y 2] 5] [6]
compute C] 0] [ 3] 5]
......... ] [] ; g 3 ;
L] ]
D [:I [:] u 3
] [l L] '
] ] [l 2]
compute [] [] [] []
out [] [] [] ]
| e t
[0 Balancing the pipeline essential to achieve high Throughput
[0 Data Replication, intra-layer parallelization
O Non-trivial due to flow graph loops (e.g. Residual layers)
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AIMC Many-Core System: Balancing The Pipeline

A, Data-replication & Parallelization
I =Sy 1.9x H_in_tile*C_in
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Occamy NoC: Efficient and Flexible Data Movement

[0 Problem: HBM accesses are critical
in terms of

O Access energy
[0 Congestion
— 0 High latency

yv-.v.
[0 Solution: reuse data on lower levels
of memory hierarchy

[0 Between clusters

[0 Across groups

Smartly distribute workload

[0 Clusters: DORY framework for
tiling strategies

[0 Chiplets: layer pipelining, ..

HBM

M iwv . —- soonal Grir oive oA

Cluster Cluster Cluster Cluster O

DORY: [Burrello et al. IEEE TC, 2021]
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