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Introduction & Motivation =ssherc

[1 Extreme Edge AI and TinyML

B |ow latency and network load compared to cloudML;
B [Eases privacy concerns

[1 Challenges

® High computational and memory
requirements (ML + DL);

B Limited resources on IoT End-Nodes h

(microcontrollers). ‘?‘@\
[1 Opportunities

B Reduce DL/ML model size;
B Low-Bitwidth Mixed-Precision computation.

B Reduce instruction fetch and decode
overhead exploiting data-parallel execution

3 of 23



Top-1 accuracy [%)]

Quantized Neural Networks (QNNs)  =sssossc

ESSCcCIRC

Quantization Top1 Accuracy Weight Memory
Method Footprint
Full-Precision 70.9% l I 16.27MB | |

INT-8 70.1% 1 0.8%q 406 MB 4 I 4x
INT-4 66.46%  |4.49%235MB Y| 7x
Mixed-Precision | 68% 72.90/0 2.09 MB v 8x

( x ) NASNet-A-Large
SE-ResMeXt-101(32x4d)
80 I irlllceptlgn ResNet-v2 SENet-154
4 _ - nception-v el-
SE-ResNexXt-50(32x4d) Xception IPathNet-98 IPathNet-131
SE-ResNet- ‘lﬁ‘l eXt-101(64x4d)
SE-ResMet<50 _ Inception-v3
DenseNet- 201. QenseNet 161
@] VGG-19_BN
DualPathNet-68 VGG-16_BN
75 Densefj=
® NASNet ?M
N-ncsi ResNet-34 VGG-13 BN
@ MdbileNet-v2 VGG_11.BN
VGG-19
70 1 ResNet-18 -
0 o ® VGG-16
MobileNet-v1
VGG-13
17 shuffleNet
.GoagLeNel
M 5M 10M  50M  75M  100M 150M
SqueezeNet-v1.1
® SqueezeNet-v1.0
. AlexNet
55 T T ]
0 5 10 15 20

Operations [G-FLOPSs]

(*) Bianco, Simone, Remi Cadene, Luigi Celona, and Paolo Napoletano. "Benchmark analysis of
representative deep neural network architectures." IEEE Access 6 (2018): 64270-64277.

25

Courtesy of Rusci M. «Example on MobilenetV1_224 1.0.»C

Mixed-precision Quantized
Neural Networks (QNNs) are
the natural target for
execution on constrained
edge platforms.
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Edge Al Computing Platforms =ssrase
IO RISCTV Assembly

Throughput [Gop/s] 1K-50K 10-200 0.1-2 p.lw  x10,4(x4!)
p.lw  x11,4(x5!)

Energy Efficiency [Gop/s/W] 10 K-100 K 1-10 1-50 — p.extract x5, x11, 4, 0
Flexibility Low Medium  High — p.extract x6, x11, 4, 4
— p.extract x7, x11, 4, 8
Cost High Medium Low — p.extract x8, x11, 4, 12
—— pv.packlo.b x15, x5, x6
[1 IoT End-Nodes scenario: — pv.packhi.b x15, x7, x8

B Must be inexpensive and software programmable (MCUs); pv.sdotsp.b x20, x15, x10

B SoA ISAs (RISCV (), ARM =x)) support only integer uniform arithmetic (with SIMD);
B Huge overhead to perform mixed-precision computation for data casting and packing;

[0 This Work:
B |Low-Power IoT End-Node with a fully programmable RISCV accelerator cluster;
B Mixed precision 2b-to-32b SIMD instructions in the ISA of the cores;
B Vector Lockstep Exec. Mode to boost the Efficiency on data-parallel DL/ML algorithms.

(*) Garofalo et al. "XpulpNN: Enabling Energy Efficient and Flexible Inference of Quantized Neural Networks on RISC-V based IoT End 5 of 23
Nodes." IEEE Transactions on Emerging Topics in Computing (2021).
(**) D. E. Joseph Yiu, “Introduction to the arm cortex-m55 processor. : https://pages.arm.com/cortex-m55-introduction.html,” Feb. 2020.
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Dustin: Architecture Overview esspErc (G

L2 Memory L1 Memor

ﬂ TCDM INTERCO.

[Lks & broadcast]unit

SoC INTERCO

PERIPHERALS

PERIPHERA
INTERCO

-
E

RV RV RV RV

L1.5-1S

.
. “‘:

d The SoC is a Low-Power IoT
End-Node with Al edge
computing capabilities

4 Microcontroller
d 1 RISCV core
d 112 kB of L2 memory
d Rich sets of peripherals
(UART, I2C, CAM itf..)
4 JTAG (Debug), GPIOs,
ROM
d Interrupt Controller
d Parallel cluster accelerator
of fully programmable
RISC-V cores
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Dustin: Cluster esstese G

L1 Memory O Accelerator Cluster

I I I I I II II II I d 16 RISCY (*) cores augmented with

2b-to-32b SIMD instructions;
TCDM INTERCO.

4 Software Configurable Vector
I

Lockstep Execution Mode (VLEM);
DMA [Lks & broadcast]unit

4 Single-cycle latency TCDM interco.
leveraging a req/gnt protocol,
word-level interleaved scheme.

4 128 kB of Shared Tightly-Coupled
L1 Data Memory;

| Q Hierarchical Instruction Cache;
m 3 High performance DMA (L2 <-> L1);
N S d Event Unit supporting efficient

synchronization among the cores;

CLUSTER

(*) Gautschi et al., Near-threshold RISC-V core with DSP extensions for scalable IoT endpoint devices, IEEE VLSI, 2017. 8 of 23



Core Enhancements EsSSDERC \

O RI5CY: 4-stage in order
single-issue pipeline

[ Mem-Interco |
Controller 0 ISA: RV32IMCXpulpV2
" Lsu 0 XpulpV2 extensions:
o= X = ® HW Loops;
—— R0 %ﬂ‘;ﬁ ALY “"%‘ B Post-Increment LD/ST;
I S CoRS = B 16-/8-bit SIMD insns;
3 Doy % ®  Bit Manip. insns.
1 RF opB RD
'H'.': Ex ::?{ CE”"‘ ""5': k EX [0 Goal
Hiyg L it ® HW support for mixed-
K °*% potP precision SIMD
L opB RD ; i .
| apc UNIT instructions;
| B e i i 0 Challenge
)i B Enormous number of
ﬁ} | | 4 | instructions to be
Debug Interface x \__/ er_1coded in the ISA;
‘ 0 Solution
I:l Modified Core IPs L—g’l New Core IPs [ | Dynamic Bit_ScaIabIe
Precision
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Extended Dot-Product Unit

SREMNOBLE

ESSDERC
ESSCcCIRC

OopC
(32b scalar)

OpA
(32b SIMD vector) (32b SIMD vector)

! !

OpB

Multi-Precision
Integer Dotp-Unit

AdILNO™Y ANV JIIITS

=
clk

I en_h L 4
i OpB[1]

T 071 10 H

lb

I

32b 32b
Mult[1] |Mult[e

18b 18b 18b 18b
Mult[3] |Mult[2]Mult[1] |Mult[e

10b = 10b
Mult[1] |Mult[e

10b
Mult[7] Mult[&

OpB[0] OpB[B] OpB[2] OpB[1] OpB[@] OpB[7] opB[6] OpB[1] OpB[@] 0pB[15] OpB[14] OpB[1] OpB[@]
OpA[l] OpA[@] OpA[3] OpA[2] OpA[1] oOpA[e]|l | OpA[7] OpA[6] OpA[1] OpA[B] OpA[15] OpA[14] OpA[1] oOpA[@]
‘]’ o o 16b
Si - -
——~—+Z;§2/ ext tﬂl] ext e:rt g:ﬁ:f ext | ext || ext||ext :zr:/ ¢S = ext || ext |"“t 2 ¢ m £ m m
4 5b

Mult[1] |mult[e

2x32b =2 32b 4x18b - 32b 8x1eb = 32b 16x6b = 32b
Adder Tree il Adder Tree Adder Tree b Adder Tree
—1' 32b —1' 32b »1' 32b —1* 32b

XN }Nsay ndinQ

Dotp Result
(32b scalar)

v
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Mixed-Precision Controller

\ ]
GRENOBLE 2021 M
ESSDERC W,

ESSCcCIRC

SIMD Vector A SIMD Vector B

1

DN

]
—

DOT—PRODUCT IVIODULE

| 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).
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Dynamic Bit-Scalable Execution ESSDERC
Standard Instructions O  Virtual Mistuakimstructions

\ic Bit-

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

p.v x20,x11,x10

ne
instruction instruction
per format per type
and type

pv.packlo.b x15, x5, x6
pv.packhi.b x15, x7, x8
pv.sdotsp.b x20, x15, x10

D insn

ats

de

int main()

{

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

SIMD_FMT(M8x2);
convolution(A, W, Res);

.}
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ESSDERC W\
EesciRC

Vector Lockstep Exec. Mode (VLEM)

TCDM TCD
Bl{Bl|[B][B]|[B]|[B]||B][B]..0 [B B[B[[B[[B|[B|[B|[B|[B].d |B
ofll1]l2]l3]l4]l5]l6]l7 3 ofl1][2]|3]l4]l5]l6]]|7 3
2 % % % % % % & - & 2 & & & & & & % o @
‘ TCD‘M INTERCOI\RECT ‘ TCDM INTERCO. - LKS UNIT - BROADCAST
CORE 0 CORE 1 CORE 14 CORE 15 CORE 0 COQE 1 C0£14 CORE 15 | |
WB WB WB 1 [WB WD WwB | pwB  fIWB
EX EX EX EX EX EX EX EX
ET T LT [ e S e
11T T T i S 2 A |
1$-0 I$-1 1$-14Y [ 13-15Y 1$-0 I$-1 1$-14"] | 1$-15
SHARED I$ SHARED I$
Cluster in MIMD mode S Cluster in VLEM
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VLEM: Broadcast Unit =sspese 6

ESSCcCIRC

TCD

gnt_i[0] . R

gnt_i[1]
gnt_:i[15} {

CORE 14 | [ corE 15 |

[0 Overhead: at least 16 clk cycles to unlock
the execution in case of concurrent

= 2,0 accesses;
S 1 O Solution:
Z 1.0 B eliminate the overhead in case of access
‘g 1,0 to the same mem address >
> BROADCAST UNIT.
S 05 B Misalign static data and stacks to avoid
$ accesses to the same mem bank;

MIMD S Cluster in VLEM

dlexec. r © 14 of 23
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Chip Results Summary

O\
ESSDERC .
ESSCIRC
|_ Technology | CMOS TSMC 65nm

Integer Efficiency
(4-bit)

4 mm

Peak Performance

Peak En. Efficiency

| 562 GOPS/W |
m
58 GOPS

1.15 TOPS/W
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Voltage vs. Frequency

!‘t“ ®

"

BLE 20=

ESSDERC
EsSsScCIRC

I
200
300

E 760 p.lfcyc
;1 o (]0
= 150 4590 Less
> 390 pJ/eye
= ’ :
8 | e e .
g e e 400
B | T smeciie 000 ke 479 pJ/eye
- e b A e T
éﬂ 100 Vg

-©-Cluster frequency 1200

50~

-A-Cluster in VLEM

-©-Cluster in MIMD mode|

0.9

0.95 1
Vdd Voltage |V]

[1 Measurements of the Cluster;
[l Maximum frequency 205 MHz @ 1.2 V;
[l ~459% energy saving with the Cluster in VLEM wrt MIMD mode.

1.05

1.1 1.15

1.2

Energy/cycle [pJ/chle]

VLEM, no impact
on max
operating freq.

- of the cluster
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Performance on MatMul kernels esspire (3

B Mixed-software (RI5CY) ® Dustin (VLEM mode) ‘

160 7.7x O Benchmarked
140 mixed-
precision
convolution
kernels

120

100

O  Mixed-
precision ISA
extensions
provide
significant
advantage: 2x
to 7.7X

PERFORMANCE [MAC/cycle]
00
o

32 16 16x8 16x4 16x2 8 8x4 8x2 4

CONVOLUTION KERNELS
(weight-precision x activation-precision)
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Energy Efficiency on MatMul kernels  sssosss\G

8x4 MatMul Power in MIMD: 29.2 mW Power in VLEM: 16.1 mW (~45% reduction wrt MIMD)

CORE_0O: 6%
B CORES_1_15_ID_EX: 74%
~ CORES_1_15_IF: 0%

I$ : 7.3%
B TCDM. : 6.3%

CORE_0: 4%
B CORES_1_15_ID_EX: 43.3%
Bl CORES_1_15_IF: 10%

I$ : 20%
B TCDM. : 22%

1000
~ E MIMD mode E VLEM
XL
20 1.7 é 800
2 ® Up to 1.5x improvement
= 15 % 5 600
o
= 1.0 1.02 =3
g 1o = £ 400 —
S 05 i
> w 200 7 %
] > 2 0 W
=~= 7 _aadaillll
MIMD VLEM VLEM + BRD + E o oA I I % é Z
MIS. DATA w

MATRIX-MULTIPLICATION KERNELS 19 of 23
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Comparison with the SoA

ESSDERC
ESSCcCIRC

Dustin
SleepRunner [6] SamurAl [7] Mr. Wolf [8] Vega [9] (this work)
Technol CMOS 28nm CMOS 28nm CMOS 40nm CMOS 22nm CMOS
CANOI8Y FDSOI FDSOI Lp FDSOI 65nm
Die Area 0.68 mm? 4.5 mm? 10 mm? 12 mm? 10 mm?
Applications IoT GP IoT GP+DNN | IoT GP+DNN |IoT GP +NSA+DNN [oT GP + DNN + QNNs
CMODS 1x RISCY 9 x RISCY 10 x RISCY
LIRS Thumb-2 subset | RVC32IMFXpulp |RVC32IMFXpulp |[RVC32IMFXpulp+SF LOPEhHRIS (B0 RSB EAY,
Int Precision 2, 4,8, 16,32
(bits) = e 8,16, 32 8,16, 32 (plus Mixed-Precision)
Supply Voltage| 04-0.8V 045-09V 0.8-1.1V 0.5-08V 0.8-12V
Max Frequency 80 MHz 350 MHz 450 MHz 450 MHz 205 MHz
Power 320 pW 96 mW 153 mW 49.4 mW 156 mW
Envelope
1Best Intecer 15 GOPS (8b)
p e; €8¢ | 31 MOPS (32b) | 1.5GOPS (8b)2 §12.1 GOPS (8b) | | 15.6 GOPS (8b) 30 GOPS (4b)
erformance 58 GOPS (2b)
1Best Integer |97 MOPS/mW @] 230 GOPS/W 190 GOPS/W 614 GOPS/W 52’3 gggg% @gg gggg (33)
. 5 .
Efficiency |18.6 MOPS (32b)j@ 110 MOPS (8b) 3.8 GOPS (8b) @ 7.6 GOPS 1152 GOPS/W@17.3 GOPS(2b)

Dustin supports
Mixed-Precision
computation in
HW

Better efficiency
wrt solutions in

28nm and 40nm
tech node

Comparable
efficiency wrt
Vega (22 nm)

12 OPs =1 8-bit (or 4-bit or 2-bit) MAC on MatMul benchmark unless differently specified.
2 For fair comparison we consider the execution on software programmable cores.
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Conclusion essoesc G

[

[

Dustin SoC: IoT end-node with AI computing capabilities in tsmc
65 nm tech node;

RISC-V cores featuring 2b-to-32b bit-precision instruction set
architecture (ISA) extensions enabling fine-grain tunable mixed-
precision computation (2x to 7x speed-up w.r.t. RI5CY);

Software reconfigurable cluster in Vector Lockstep Execution Mode
(~459% energy saving w.r.t. MIMD mode);

Dustin is competitive with IoT end-nodes using much more scaled
technology nodes (Peak Perf. 58 GOPS, Peak Eff. 1.15 TOPS/W).

Despite a less scaled tech node, we reach energy efficiency in the
order of TOPS/W - Comparable with ASIC solutions.
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