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DNN Quantization

DNN Training Original model Integer Model

Conv1 FP32 : o Conv1 8-bit
Conv2 FP32 Conv2 8-bit
Conv3 FP32 Quantization Conv3 8-bit
FC FP32 FC 8-bit
All layers remain high
precision (commonly used Quantized to integer numbers
FP32 in training stage) (commonly used INTS)
4 : : : )
1 Can we further compress the computation of int8 to improve the
Inference performance without loss of accuracy?
- J
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Deploy Quantized Multiplication

Conventional Int8 multiplication Parallel Multiplier
- ™
14 x 27 =00001110 x 00011011 CombineT ACT PSrM
27b
00001110 £ Q
X 00011011 §; +
00001110
Partial 00001110 . DSP DSP48 § )
Pf?dll)cts 00000000 FPGA
PP 00001110 ' ,
00001110 Implementation 4 R S bit inpat ™
00000000 — i v
00000000 - PP
+ 00000000 51 ]
16-bit results E " PP
5
How do we further improve the performance? * _.‘H’ PP ]
L — !
1. To use both DSPS. and LUTs fo_r multiplication. [ L6-bit Results ]
2. To make our LUT implementation smaller. -

Latency: 1 cycle
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Bit-Serial Scheme with Bit-Sparsity

An alternative approach for the multiplier on LUT

14 x 27
= 00001110 x 00011011

00001110
X 00011011 «

00001110

(Eﬁectual
Lbits (EB)

Partial
Products 00001110

00000000
(PP) 50001110
00001110
00000000
00000000
00000000

16-bit results

Only four partial products are effectual

Bit-serial 00001110
scheme with x 00011011
Bit-sparsity
00001110
A Inted 00001110 Effectual
‘2222£ae 00001110 > partial
Y | 00001110 products
A \V4
Parallel Input ~3 <<l +
AQ
|
B3 Bg B] BO Index EB cycles
>

Serial Input

e o e e e e e e e e mm e e mm e e e e mm e e Em e mm e e e e e e e Em e e e
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Workload Imbalance in Bit-Sparsity Scheme

The workload imbalance issue in bit-sparsity:

. Activation cycle 1 cycle 2 cycle 3 cycle 4
weights group ctivations Y | y | y | y
———————— /16
Offset | | Y | | |
w, (0.100), et 1 HA >> [ >> >> >>
’ encoding | 4 1 | e | S | e
R TN B TRt R YR EEp Y B
X16 :q x16 + I ) 6 : I X16 | x16 . I x16 .
| | 16 | | |
I I A 4
|
b —— 4 16x16° | 2 | ] | 0

Ref: BitCluster (TCAD, Volume: 41, Issue: 11, November 2022)

Need a method to use a restricted and small number of EB without
causing major loss of accuracy.
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Mixing Signed-digit Representations (MSD)

® A framework that automatically partitions the DNN workloads to run
on DSPs and LUTs

® We proposed a new representation called restricted signed-digit
(RSD) to help restrict the number of EB
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Signed-Digit Representation

To solve the imbalance issue

30 (int8) |
= 00011110

46 (int8)
= 00101110

56 (int8)

=00111000

p
30 —» 24
= 00011+10

46 — 40
=00101++0

56 — 48

= 00110000

Restriction: EB =2

Large quantization error

Find another number format with
higher representation capability

Our Approach: Signed-digit representation

Let X[i] (i-th bit in the number with n-bit) expand to 0, 1 and -1 (1):

n—1
X=)(X[1x2),  X={01-1} ool
i=0 bits (EB)

Note that 2’s complement is actually a special case of signed-digit:

n-2
X = (=1D)Xn=1x 2n-1 4 Z(X[i] x2Y),  X[i] ={0,1}
i=0

n-—1
. . i 1 {0,1} ifi#n—1

_—
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Hardware Does Not Change a loft!

Signed-digit scheme

14 x 27

= 00001110 x 00011011

Accumulated
serially

14 x 27
= 00001110 x 00100101

00001110
x 00011011 88283%32
X
00001110 ~
00001110 Effectual — 00001110 7 Effectual
00001110 > partial Accurr.lulated — 00001110 partial
} 00001110 products serially | +00001110 products
| ./ il
i\ Parallel Input As <<l + [ . Subtraction is naturally the same with
: Ag . addition. We only need to add a simple
B;[B,] B, Bg m’ EB cycles | circuit for negative values.
Serial Input i '
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Restricted Signed-Digit

Restrict EB: Restricted signed-digit (RSD)

Original E 2’s complement Error E RSD Error
Numbers E EB =2, . EB=2 14+
: : - Bl STANDARD -~ 10 1 Il RSD
30 (int8) ! 30 —» 24 E 30=32-2 0 0\;12- FP32 5‘.; N FP32
= 00011110 : =00011+-0 | = 00100070 £ 10
46 (int8) 1+ 46 — 40 6 48 =32+ 16 5 £ £
=00101110 | =001014+30 ' = 00110000 g g
! 1 ™ 4 T
| | : E . I
56 (int8) 1 56 — 48 g 156=064-8 5 2- il 5 ° | |||||| |
= 00111000 : = 00010001 ' = 01007000 P Y |||| || . || IHI e | 01 ||||| TP |Ill| !
! ' © -3 -20 -10 0 10 20 30 -30 -20 -10 O 30

RSD suits original weight distributions better
Algorithm: set up 2’s integer power (0, 2, 4, §,...) as the

bases, iteratively find the base and sign bits according

to the restriction. 30 -> get 32 and -2 in two iterations
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Weights Encoding & Bit-serial PE Design

® We focused on layer-wise weights quantization in this work, and using the de facto
8-bit (int8) model as the starting point.

| Weight (RSD)

S WGT Reg rmTmooommmommmemee- \
v se. fibx ! v i
RSD RSD Encode > o o i > i
EB =2 SEL  IDX < J&mrHer=l |2 2| <]
E— — 2 O E 1 >3 I
30=32-2 EB’s position _QJ_]__Q_ _]_ 2 " 2 Qa wn i 8 E
= 00100010 (index)encoding 1:i0 O 1 ’ / << EPPA o E
48 = 32 + 16 Another SELbitto 0§ 1 0 1 @) Bitserial PE
= indicate {1, -1 P i
00110000 Ul ot 00 weight = 30 1 . =3
16=32-16 0:1 01 RSD-Encoded O 010 g. 3 Cycles for
= 00170000 71700 00100170 T 0 0 1] /=  amultiply
odd/subl | shift num
Activation = 6
- » Bit-serial PE >
8-bit

Out = 6K5 + 6K2 — 6«1
(b) Bit-serial flow
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Heterogeneous Architecture

External Memory

Weight Buffer for BPPEs

Weight Buffer for BSPEs

A 4 —— —— — ollo
. — BPPE - BPPE - BPPE - % —_g,_
Dl I .......... BSPEI- - I .......... BSPE}--— BSPE| | & =
5 ——/ —/ — | o]
°2 — BPPE : BPPE : BPPE : SHS
o ( \ :I: ) :I: — o ||
45 ................ BSPE ............. BSPE ............. BSPE B gh gh
Z -—- -w- -w_ -~ B -~
7] BPPE : BPPE : BPPE : 0 =
< — — — 4] 4]
................. BSPE| —|BSPE| — |BSPE| | = -
— —_J - J|” <

= BSPE & BPPE: Bit-serial & Bit-parallel PE,
set up as a systolic array

®m  BSPEs are implemented on LUTs, while
BPPEs are based on DSPs, running
simultaneously

Combined ACT PSUM INT8 Optimization
27b) | [ Aci | [ Acio | 27b
£ <§ ACTOXWeight ,
‘o T ACT1 XWeight 1 I Weigh’f I 1 8b
z |\ / ' S| eI = .
DSP48 | [ ] Ppsumi [ Psumo ] 45b

INT8 multiplication on DSPs (standard representation)

Weights Activations
BSPE RSD representation Standard
BPPE Standard Standard

Consistence representation by mixing signed-
digit (MSD)

m Standard 2’s complement can be
regarded as a special case of signed-
digit representation.
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Search Schedules

m Parameters that need to be searched by the scheduler (for each layer)

&

Input Feature
Map (IFM)

|

Part I: 6-dimension for-loop for

each layer

%
K

C < »>

Weights II@
‘_J’ I

Output Feature
Map (OFM) H]

Tile size in each dimension:

T = [tK, tHl tw, tc, t[,t]]

—>

Vi

W

[ Workload K, H, W, C, |, J

Part Il: Weight Split Ratio (workload partitioning)
Weights
RSD M 2’'s complement

[Number of EB in this quer\

o T 71 Instruction
. Hardware g Generator
Model
" (Scheduler) | >‘ Quantizer
Original T
weights

B CccM 2023

'
BSPEs BPPEs
. . WBSPE
Split ratio 1 = ———
WTotal
Convl 8-bit EB=3
Run on
FPGA Conv2 8-bit EB=2
FC 8-bit EB=1

Layer-wise Mixed-EB

MSD: Mixing Signed Digit Representations for Hardware-efficient DNN Acceleration on FPGA with Heterogeneous Resources
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Hardware-aware Mixed-EB Quantization

+O-

DNN Models

U 8 Lny *

FPGA Device

w8

M)
Network

Topology

Kernel Size,

Feature Size,
Stride...

)
Architecture
Array Scale
Buffer Size
BS & BP Enginej

hardware model)

B CccM 2023

End-to-end framework

| Latency-driven | (——— \,1
<«
Mixed-EB | ! MoE '
Search ‘T_ _Lf]_h_e?f)_'_ ,'J
:““H"“‘:{:::::&:::::i
Hardware | QAT
|
Model '| Fine-tune
Schedule ~ [Weight
A 4 Y
{ f ‘
RTL —> Deploy
\ 7

min » MSE(j, A[j])

s.t. wx ZLatL(j,A[j]) < Latpase
j=1

Please Refer
to PyTorch

Inputs: DNN models and FPGA device constraints

Mixed-EB search for each layer, under the constraint
of MSE and latency (calculated based on the

AN 2
MSE = \/zy_l (9‘7 — x)
o)

=1

Objective: Minimize
quantization error

Constraint:
speedup ratio, w

Search Flow

[ Initialize all EB = 3 ]

v
[ Latency ranking of all layers }7
x

[ Select top-k layers as candidates J

r

.

~

Reorder candidates based on MSE

s

.

v \
Degrade EB (3—2 or 2—1)

v
[ lteration until reach w Ji
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Mixed-EB Quantization

TABLE I: Mixed-EB speedup results with different constraints
w. A larger w means a higher speedup and a more aggressive
quantization strategy. . m . ' Objective: Minimize
o Z MSE(j, Alj]) quantization error

Model w Layer-wise Mixed-EB Result A Speedup i=1
15 [3323333333333333] 1.52 m Constraint:
16 [2322232233323332] 1.60 AT < :
vaets L7 [2222232232322222] 1.70 st wx Y Latr(j, Alj]) < Latyase speedup ratio,
- 2.0 [2222222222222122] 2.00 j=1
2.1 1121111221212121] 2.14 o I
22 M121111211212111] 2.24 The baseline is we only use
15 (333333333333332233333])| 151 DSPs for computation
16 [[232323332223322223232]| 162
ResNeL1g 105 [232323232223322223232] | 165
17 [222222222222222221222] | 171
18 [222222211111221121211] | 184
19 [222222211111221111211] | 190
® Device: Ultra-96 = Higher speedup constraint -> larger w
® Layer-wise EB configuration ® More aggressive search for higher speedup,

® The final speedup meets the constraint of w to reach the constraint
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Accuracy-Speedup Trade-off

This area should be
OK for most cases!

N
w

74.0

[ We need lower latency!] WEN Speedup -@ Acc

l e pa "

[ Set more aggressive constraint (w1) l 173
I \ i ln

f[ Search for higher speedup 0.5 o

N
o
~
w
[6,]

=
o

VGG1l6(Speedup)
=
()]
~
N
ul

~
w
o
VGG16(Top-1 Acc)

] y DSP-onlyDSP+MUL w=1.7 w=1.75 w=2 w=2.5
l 77.0
—- El Speedup P
) g— 3.0F Y
MSD < [ More layers with smaller EB 3 176.0 %
J Q 1
a S
| 2 200 c
N g 475.0 n
k[ Results with accuracy loss z 2
y g 1.0 174.0 ¢
0.5 73.5
Accuracy-speedup trade-off DSP-onlyDSP+MUL w=2.35 w=2.5 w=2.6 w=275 w=3.1 w=3.5

Also, RSD-based bit-serial scheme is more efficient
than conventional parallel design on LUTSs!
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Comparison with Previous Works

NORMALIZED LATENCY Performance with
Accuracy on xc7z020
N3H-Core = Mixed-and-Match

m MSD

71.76%
66.25%  MSD has higher
65.64% accuracy

MOBILENETV2

MSD has

RESNET18 ‘ lower latency

Normalized Latency Performance on Ultra96

Device
m MSD-Opt = Vitis-Al m MSD

MSD-Opt: If we set up

SNET-
* sl\(IJET 2220 the frequency same with
the Vitis-AlI (287 MHz) ©
RESNET-
18

0 0.5 1 15 2 2.5 3

Refer to our paper for more detailed results!

FCCM 2023
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Conclusion & Future Works

m MSD framework:

* is a heterogeneous DNN acceleration framework that utilizes both LUTs and DSPs as
computation resources and to exploit bit-sparsity.

* fine-tunes and encodes the DNN weights into a bit-sparsity-aware format, making the bit-
serial computation on LUTs more efficient.

* uses a latency-driven algorithm to search for the optimal schedule and trade-off based on
layer-wise mixed EB.

= We will explore more efficient scheduling methods and exploit FPGA-layout-tailored hardware
design to enhance the hardware clock frequency further.

@ O Rk

More info of this paper in our group site! MSD open-source in GitHub
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More info of this paper in our group site! MSD open-source in GitHub
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