HiKonv: High Throughput Quantized Convolution With Novel
Bit-wise Management and Computation

Xinheng Liu, Yao Chen, Prakhar Ganesh, Junhao Pan, Jinjun Xiong, Deming Chen

L ILLINOIS /\
Electrical & Computer Engineering AD&.§mC
GRAINGER COLLEGE OF ENGINEERING - ... at Buffalo




Bio of the team

Xinheng Liu, Yao Chen, Prakhar Ganesh, Junhao Pan, Jinjun Xiong, Deming Chen

University of lllinois at Urbana-Champaign
Advanced Digital Sciences Center, Singapore
University at Buffalo

10 2 ECE ILLINOIS



Outline

= |ntroduction
= Preliminary
— 1D Convolution
= HiKonv: Multiplication for Convolution
— Basic idea
— Detailed bit management
— DNN extension
= Evaluation

i :  ECE ILLINOIS



Introduction

= DNN quantization i
. . . A Port [s[sl]s)]s[s[s]ssss eSS s]ss]sss]s]s]s]s]e]mf]
—_ - + W,
Low-bitwidth data (e.g., 4bit or even less) B —
= Common hardware COmpUtation unit el (T EEE T T e
—_ . S [E[]:]:]I& ] [(s1|;1151f:\4;;ll\;12]l21||1|]lo|| ] [lﬂl(sll(slﬁ\;;:va;]:zlllrllloll ] [m[lq[tﬂ[ﬁ}llzﬁlzllnlllol]
FPGA: DSP B
— CPU: ALUs
— Supports large bitwidth arithmetic (16bit & above)
— Computation wastage for low bitwidth operands e
= Previous work for multiple low bitwidth computation e E—
— FPGA: INT4 Optimization, INT8 Optimization e — —————
— CPU: AVX based solution for 8bit e . L A =1

= Qur contributions:
— Generalize the solution for all valid quantization bitwidths, ranging from 1 bit to 8 bits
— Provide theoretical foundation for achieving the maximal possible throughput
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Preliminary: 1D-Convolution

= The conventional 1-D discrete convolution between an N-element sequence f and a K-element kernel

g (denotedasy = Fy x(f,9))
— All the values are zero when indices smaller than zero or bigger than the length of the sequences

ylm] = (f + g)m zfm Klglk]

= Alternative representation (replacing m — k with n)

ylml= > flnlglk]

k+n=m

= ycontains N + K — 1 non-zero elements
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Multiplier for Convolution: 1-D Convolution

= |dea: The product of high bit-width integer multiplication can be used to perform multiple low bit-width 1D
convolution operations simultaneously with proper bit management of multiplicands.

— P = AXB
— y=[f[0]g[0], {0lg[1]+f[1]a[0], f[0]g[2]+{[1]g[1]+f(2]g[0] ..... ]

S bits
p bits Element from f .
A
q bits Element from g X fIN-1] p=======1 fl1] f[o]
B
glK-1] [==mmm gl1] glo]
Guard bits p bits
X f[N-1]g[0]  f=======- f[1]g[0] f[0]g[0]
Guard bits q bits - f[N-2]g[1]  |===—————- flolg[1] S bits
|
!
Guard bits p + q bits . :
f[N-1]g[N-1] p=————- f[0]g[N-1] S(N-1) bits !
S bits !

f[N-1]g[K-1]
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Multiplier for Convolution: low bit-width 1-D Convolution
[pbits | Element from f

= Multiplication: P = AXB gbits | Elementfromg bite
" Input multipicands: -I-:-
— Formularization: [elc1] gll] 2[0]
N-—
o g () (S
- P = AXB = fn]25" k]25k
L OUtpUt prOdUC’[Z ( (f[n] 25n -ZSk)>
— Formularization: Z n;m
. - Z ( > (f[n]g[k])-25m>
m=0 n+k=m
P = z y[‘m]-Zsm N+K—2
m=0 = y[m] - 25™
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Multiplier for Convolution: Bitwidth Constraints

= Choice of S G+G, p=1lg>1
— S-bit segment should be large enough to contain each y S={p+G,, q=1p=1
element p + q + G, otherwise
— Guard bit G}, prevents overflow from accumulation y[m] = z FInlglk]
— Gp = |log, min(K, N)| k-+n=m
= Bit width constraints: {p + (N —1)S < Bity
— The packed bit width cannot exceed the multiplicands q+ (K —1)S = Bitg
bitwidth
— Bit, and Bitg : bitwidth of multiplicand A and B
p bits S bits
N-1 K-1  — f 1
A = f[n] 2SN p — z g[k] . Sk - El t from f
~ =0 q bits Element from g g[K-1] gl[1] g[o]
g bits
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Multiplier for Convolution: Bit Management

= Multiplication for convolution
— Input Packing: 4 = Y823 fn] - 25" ,B = Y K= glk] - 25% A= f[3]-235 + f[2] - 225 + F[1] - 25 + f[O]
— Output Slicing: P = Y352 y[m] - 25™ o bits S bits S bits S bits

= Efficient packing and slicing ' Y ! j '

— Unsigned f and g: -O - O o
¢ A[S(n+1)—1:5n] = f[n] § : !
e B[S(k+1)—1:Sk] = g[k] — - 0
+ P[S(m+1)-1:Sm] = y[m] ° | o ]

f[3] f[2] 1] | f[0]

A[3S+p-1:35]  A[35-1:25] A[25-1:S] A[S-1:0]
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Multiplier for Convolution: Bit Management

= Multiplication for convolution A= f[3]-235 + f[2] - 225 + f[1] - 25 + f[O]
. Input Packing'A _ZN_l [ ] ZSn B = Zk Og[ ] Zsk p bits I S bits S bits S bits
— Output Slicing: p = X NHE=2 [1p] . 25™ - ; 0 '

= Efficient packing and sllcmg visBs!

— Unsigned f and g: . MsBs - 0
 A[S(n+1)—1:5n] = f[n] MSBsi -

B[S(k+1)—1:Sk] = g[k]
« y[m] = P[S(m+1)-1:5Sm]

— Signed f and g: | f(0]

A[S-1:0]

A[S-1:0]=f[0]
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Multiplier for Convolution: Bit Management

= Multiplication for convolution A= f[3]-2% + f[2] - 2%° + f[1] - 2° + f[0]
. InpUt PaCking' A = ZN—l [ ] Zgn B = Zk Og[ ] 2 Sk | p bits I S bits | S bits | S bits |
— Output Slicing: P = Y N+K=2 4[] . 25m - 0

= Efficient packing and slicing- MISBs| -

— Unsigned f and g: st [ m ] o
e AIS(1)-1:Sn] = Il | 0 | [ ]

B[S(k+1)—1:Sk] = g[k]
« y[m] = P[S(m+1)-1:5Sm]

— Signed f and g:

fl1] f[o]

A[25-1:] A[S-1:0]

f[0]>=0 A[2S-1:S]=f[1]
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Multiplier for Convolution: Bit Management

= Multiplication for convolution A= fI3]-2% + f[2] - 2*° + f[1] - 2° + f[0]
. p bits S bits S bits S bits
— Input Packing: A = X725 fIn] - 25", B = Y525 glk] - 25% . ; ; .
— Output Slicing: p = X NHE=2 [1p] . 25™ - 0 5
= Efficient packing and slicing- MsBs: - ;
— Unsigned f and g: __MoBs [ ] 2
o A[S(n+1)—1:Sn] = f[n] 111111111111111111111111] 111111111111111 |11 -
B[S(k+1)—1:Sk] = g[k] | i i
« y[m] = P[S(m+1)-1:5Sm] '
. f[1]-1 f[o]
— Signed f and g: .

A[25-1:] A[S-1:0]

f[0]>=0 A[2S-1:S]=f[1]
f[0]< 0 A[2S5-1:S]=f[1],+1111...111,=f[1]-1
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Multiplier for Convolution: Bit Management

= Multiplication for convolution A= f[3]-2% + f[2] - 2% + f[1] - 2° + f[0]
— Input Packing: 4 = X3 f[n] - 25, B = $kd glk] - 2% P PR PR PR
— Output Slicing: P = YN+K-2 1] . 25 [ ] 0

= Efficient packing and slicing- MSBs§ - 0
— Unsigned f and g: | Msss - 0

A[S(n+1)—1:Sn] = f[n] ? MSBs -

B[S(k+1)—1:Sk] = g[k]
« y[m] = P[S(m+1)-1:5Sm]

. fl31-A[35-1] | f[2]-A[25-1] f[1]-A[s-1] f[0]
— Signed f and g: | : ,
0Ln=0 ABS+p-1:38] | A[3S-12S] i ARSLS] i A[S-L0]
A[S(n+1)-1:Sn] = {f[n] fEélgSn— >0 ! ! !
el gl0],k=0
B[S(k+1)—1:5] = {g[k] ZBISk-1]k > 0
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Multiplier for Convolution: Bit Management

= Multiplication for convolution A=fB1-2"+f[2]- 2% + f[1] - 2° + f[0]
. bits S bits S bits S bits
— Input Packing: 4 = Y023 fIn] - 25, B = Y R=5 glk] - 25% " Y : : ,
— Output Slicing: p = X NHE=2 [1p] . 25™ - i 0 ;
= Efficient packing and slicing- MsBs: - ?

— Unsigned f and g: o - °
. A[S(n+1)-1:Sn] = f[n] i MSB | -

B[S(k+1)—1:Sk] = g[k]
« y[m] = P[S(m+1)-1:5Sm]

— Signed f and g:

f[3]-A[35-1]1 |  f[2]-A[25-1] f[1]-A[S-1] f[0]

ABSW-135] ] ABS12S] | ARSIS] | AlS-L0)
e [ floLn=0 | = |
A[S(n+1)-1:Sn] = {f[n] —A[Sn-1],n> 0 y[0],m =I 0

P[S(m+1)—1:Sm] = {y[m] — P[Sm-1],m > 0

bl gl0], k=0
B[S(k+1)—1:Sk] = {g[k] ZBISk-1]k > 0
. 3 P[S-1:0],m =0 . P[S-1:0],m =0
ylml = {P[S(m+1)—1:5m]+P[5m—1],m >0 ylm] = {P[S(m+1)—1:Sm]+P [Sm-1],m > 0
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1D Convolution Extension: Split and Accumulation

= |dea:
— Partition the original sequence into multiple Yol3] Yol2] Yol1] YolO]

subsequences 3 - . -
— Compute 1D convolution for each subsequence v.[3] Y[2] ya[1] y1[0]

— Accumulate the subsequence results to produce
the final convolution solution

f[31g[0] | f[2]g[o] | f[1]glO] | f[O]g[O]
fi3lgl1] | f2]gl1] | fl1lg[1] | f[O]g[1]

" Example: f31sl2] | fl2lg[2] | f[1lgl2] | flolgl2]
— 4-element sequence f and 3-element sequence
g
5 ol fos y[5] y[4] y[3] y[2] yl[1] y[0]
— Yo = Fz,s(fo,pg), V1= F2,3(f2,3:g) g
— y = F43(f, g) canbe composed based on the
elements in y, and v, y=Fyk(f 9)
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1D Convolution Extension: Theorem to Generalize the Technique

= Theorem: Given and an XN-element sequence f and a K-element filter g,
the 1D convolution output y = Fyy ¢ (f, g) can be computed by following
computation step:

— Sequence split: f,, = f[xN: (x + 1)N —1].
— 1D convolution: y,, = Fy x(fx, 9)

— Yx = Yxln —xN] yo | vk v (it | yo
—_ 91 b . L] N indices
— y[n] = X% y.[n — xN] + o [onek vy Tl yio
Vi [yedNeK2 - yeal0] l (X-1)N indices J
P, (N+K-1)S-1:NS
<+ P, (K-1)S-1:0 NS bits
P, X (X-1)NS bits )
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2D DNN Convolution Extension

= DNN convolution layers have convolution pattern and can be built upon our 1D convolution techniques

i e e e e e
]

|~ .
TIIITr0 OO0 OO OO OO

2D convolution 1D convolution for rows subsequence based 1D convolutions
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2D DNN Convolution Extension

= DNN convolution formula:

Olc,|[n Zi Kzl‘ Kzl‘ e llh+ k] [w + kW eo ][] [kn] [ Fw]

= Theorem: For a DNN convolution, the output feature-map can be computed by Fyy x 1-D convolution with the
following equation:

CllKl[_ll

CEDIPIP I e

¢ci=0 kp=0 x=0

Where

f =Ilci][h + kp][xN: (x + DN — 1]

Yeicohkpx — Fy k (f,9)
g = Wlc,llcillkp][K — 1: 0]
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Evaluation: Single Multiplication Unit Throughput

= Evaluation computation unit A (pbit, arbit, # ops) A (p-bit, arbit, # ops)
— CPU : 32 bit multiplier
— FPGA: 27x18 bit multiplier 5 2001

= Maximum N,K with bitwidth constraint 2
— p+ (N —1)S < Bity
— g+ (K —1)S < Bityg

= Evaluation throughput

— Maximum number of effective
operations (add or multiplication) in CPU: A= 32 bits, B = 32 bits FPGA: A = 27 bits, B = 18 bits
convolution within each multiplication

(1, 1, 128) (1, 1, 60)

sdo Jo JoquinN
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Evaluation: General Purpose Processors

= Test platform LY T 12
, : _ 50 49.97 1 Hikonv alve
— Intel Core i7-10700K CPU and i7- 20l T 10| " Hikony »
10710U CPU £l 19.34 16.06 PEEEEP

101 80 8
" TeSt Case 0 10710u 1-D 10700k 1-D = g é X
— 1D and 2D convolution 1-D Convolution g o [ ° %
»  32bit multiplier, unsigned 4-bit data 2251 =l R sHeE 4 7

« K=3,N=3, S=10 2150 RF2 L Hions e
— 1D convolution with different bitwidth ~ £'73 6.1 - 2 . i 5
= ~3x faster than the baseline algorlthm 0.0 0710u 2D 10700k 2-D O"bit 7-bit G-bit 5-bit 4-bit 3-bit 2-bft L-bit 0

2-D Convolution Speedup for different bitwidths.
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Evaluation: Reconfigurable Computation Device

= Platform:
— Xilinx Ultra96 MPSoC platform Table I: Comparison of Resource util. of binary convolution
= BNN testcase: # of Concurrent MACs 336 | 576 | 960 | 1536 | 3072
: : : BNN-LUT LUT 3371 | 4987 | 7764 | 12078 | 23607
— 1bit weight and 1bit feature map i 55 T | 55 | 5557 | 036
_ BNN-HiKonv DSP 16 32 64 128 256
Same performance DSP Thro. 21 18 15 12 12
— LUTs to DSP ratio: 43.7~76.6 LUT/DSP | |437 | 766 | 68.7 65.4 55.8
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Evaluation: Reconfigurable Computation Device

= Low Bitwidth DNN

____________________________________________________________________________________________________________

testcase Eﬁ — — = —.
— 4bit CNN model ::>% % D_E#>§ % ;g:#>§ % E$§ :Z; ;§#>§ :Z;#>§ %@g %@E %,::>
— DACSDC 2020 i =)0 2| 2| 2|
Winner Ultranet U= 0 e A1 O e e e O 0 g S e
— ~ 2.37X better oh Out: 16 oh out 32 Ch. Out. 64 oh Out: 64 Ch Out 64 Ch.Ou 64 Oh Out 64 Oh Out 36
performance
_ ~2 61X DSP Table II: UltraNet resource and performance.
efficiency LUT | DSP | fps | DSP Eff. (Gops/DSP)
UltraNet 4.3k | 360 248 0.289
UltraNet-HiKonv | 4.8k | 327 | 401/588 0.514/0.753

237x% 261X 1
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Conclusion

* Proposed a general technique, Hikonv, with theoretical guarantees for using a single
multiplier unit to process multiple low-bitwidth convolution operations in parallel for
significantly higher computation throughput with flexible bitwidths.

= HiKonv supports both the 1D convolution and DNN convolutions

= Achieved 3.17x throughput improvement on CPU solutions and 2.37x performance
improvements on FPGA solutions.
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Thank You!
Q&A
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