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Executive Summary

The contribution of this work
4 )
1. Propose a novel philosophy of leveraging bit-level sparsity — bit

interleaving

2. Propose a specialized general-purpose accelerator — bitlet, to mine the

3 maximum potential of bit interleaving )

Benefits:

Leveraging the sparsity for accelerating both training and inference

[(D General purpose ]

[@ Multi-precision support ] Floating point fp32/16, fixed point from 1b~24b ]

® High performance and efficiency { Up to 15X and 81 X speedup over GPUs ]
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Motivation & Background

® The benefits of general purpose accelerators:
% to fit for various DL tasks
% that can be applied in both training and inference
® How to boost the performance - leveraging the sparsity of the operands

% Software-based pruning

% Quantization-aware training ' +1/-1 weights, Courbariaux 2016

2~3 days sparse training ® i Bineray, Courbariaux 2015

. INQ, Zhou 2017
Ternary, Li 2016

Requires tedious re-training ®
' Suffering from accuracy loss ® |

= network slimming 3~4 days retraining / fine-tuning ® Not precision tunable ® |
== (ccv17) o |

Time-consuming!

Weakness




Motivation & Background

® The headroom of value-level sparsity is very limited.
® However, bit-level sparsity is inherently fertile.

Model Weight Sparity Bit Sparity
DenseNet121 4.84% 48.64% T T LTI |
ResNet50 0.33% 48.64% very limited
. headroom
ResNet152 0.75% 48.64% "j:fj eeTTTTTTmmmmmes
ResNext50_32x4d  0.37% 48.64%
ResNext101_32x8d  3.43% 48.65% Weight sparsity : the values below 107° over the
InceptionV3 0.05% 48.64% total parameter size
MNASNet0.5 0.00% 48.60% ' Significantly !
MNASNet1.0 8.07% 48.98% abundant |
MobileNetv2 0.01% 48.67%
ShuffleNetV2_x0_5  0.00% 48.36% Bit sparsity : total bit Os over the total “bit count”
ShuffleNetv2_ x1. 0  1.53% 48.63% of the mantissas
SqueezeNet1_0 0.05% 48.64%

SqueezeNet1_1 0.02% 48.64%




Motivation & Background

® Any state-of-the-art solutions?

Phil. Design Sparsity Exploited Precisions ;Lagg'onrgt
paDianNao NIA 160 No
Bit parallel Cambricon-S, EIE A- /| W- value 16b No
SCNN A- & W- value 16b No
UNPU, Stripes N/A 1~16b No
Bit Fusion N/A 2,4,8,16b No
Bit serial Pragmatic A- | W- bit 1~16b No
Bit Tactical A- bit & W-value 1~16b No
Laconic A- & W- bit 1~16b No
Bit interleaving Bitlet W-bit & W-value fp32/16, 1~24b Yes

(Ours)

(or A- bit & A-value)




Motivation & Background

® The weaknesses of such design philosophy:

% None of them are general-purpose!
* Only use in inference ®
* Only support fixed-point arithmetic ®
¥ Sub-optimal sparsity utilization
» Bit-parallel cannot leverage bit-level sparsity ®

« Bit-serial must incur synchronization, ie. Booth coding, look ahead synchronization

etc. ®
Step 2 - performing

> MACs also in parallel

Step 2 - synchronize Step 3 - performing

bit significance JERIUCY MACs bit-serially
AL

© synchronization Activations

///’

1 16 bits :
/ebt/.xw Step 1 - organize the
_____ == operand in parallel
A | wo |wo® wo® Wo [Wo [Wo | Wo Wo™ ;
' A i -§W1? W16 " W1W1W1 W1 W10 ) W27r W26 W2 W24 W2 W:z2 A — :
| o] e o] pemPS Step 1 - oganize the

operand in serial



Motivation & Background — key observation #1

"I“" “Ill' m"m"""“lll"" ¥ High sparsity percentage at
|| gj;’: each bit significance
3 3 % The sparsity is nearly

0% 0%

01234567 8 310111213141518 71818202122 D12345687 8 8101M11213141516171818202122 e e
I, S, uniform in terms of :

Wt IESERERED m. | | 1T * Different precisions, including
B 8 B 80% i o o o .
I ‘ i l | I | I Sow f 11 ' l | | | | : floating point, fixed point and
E .55 40% | — == - integer
F T . .
5.1;2 sparsnty parallelism z sparsnty parallelism * Different bit significances (for
01 2 3 4 5 6 7 8 9 o0 1 2 3 4 5 6 7 8 9 ° H
Resnet-152 (fp16) Mobilenetv2 (fp16) f'Oatlng p0|nt, We fOCUS On the
C'iDD% » o Cmn% ' mantissa)
NENEREE
g l | l %60% :
3] ] $ &
i 20% z 20%
= 0% . 0%
—_ 0 1 2 3 4 5 G 0 1 2 3 4 ] 6

Resnet-152 (int8) Mobilenetv2 (ints)



Motivation & Background -- key observation — #2

¥ Leveraging such parallelism is beneficial

* No synchronization is ever required.
 Bit-level arithmetic could be issued independently.

28.50

ho8

Potential Speadup
—h
TR

==
=

o

=

lapSRN (160it) DCPDMNet (16bit) Denseiet-161 (16bit) FCOS (16hit)

ResMet-50 (Bhit)  MobileMet\/2 (Shit) YoloV3 (Bioit) Multi-Pose (Bbit)




Motivation & Background

® Our solution - bit interleaving
& Can we obtain the benefits of them both? =) High TOPs/W ©

 Efficient utilization of the sparsity
« Avoid the complex synchronization procedures

% Most importantly, design a general-purpose accelerator that
can leverage the bit-level sparsity

=) High TFLOPS/W ©
A
Step 2.- ) pe':forming e bit-serial MAC m_ ----------------- _i
MACs in serial :
1/16 bits T4 ;
X bit interl i
_ iinterieaving
IBbitﬁ' B
A, A A
\Acti;fatic;ns |

= N interleaved weights
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Methodology — theorem

® Computing pattern analysis Floating point MAC could be
% Floating-point MAC decomposition: el illle el BRI R

Sign Exponent

N-1 N-1 \
VS A W= Y (1) A x My, x 2P
1=0 i=0 \

mantissa
Detailed deduction is in -
the paper Bit-level Bit significance
arithmetic
N—1E;=Eppax—23 N /

Exponent
matching Z Z [(—1)5“71 @SA;' . (MA;' X M%/’Vl)] X 2Emax+b
\ =0 b=E;—Emax \ l

Final sign Maximum
exponent




Methodology - bit interleaving

0] the padded| 0 bits E, the exponent W the binary point w,! w, vanilla/interleaved WEIght

Rear bits are all 0s and | 9-bit ! ' padded to 12 ! ! 12-bit |

omitted for simplicity |~ mantissa T T 77 _”l IH_ __________ bits T T T _”l |H_ _________ mantissa " T T _Hl
| E.=3 | L‘Er'“_ﬂ’fﬁt?_r[’ﬁ < E=3 o | v |
w=12.625{ 1] 1]0]0[1]0]1 ;: (0100 [A]1]oJo]1T0T1 | - 1]1] [1[1]1]1 | Wy
' E=2 q g EmaxEcaties v E~2 | o . o
wo=5.15625{ 1]0[1]/0[0[1[0[1 | 1010} 1]0{1/0/0[1]0]1] 10 | N MRS I
I Ey=3 l | gmax Es=3 bits E;=3 l e B v '
ws=9.75{1]0[0 111 ) (01010 (ool a]A 0} (0010 N C T A
e - | _ EMMESHE ) o Eqo | - |
W,=1.625 PO 00| ) | | 111101 | | C :
E=2 | ! ________Em_aaEs_—B_lalt_s___ E=-2 | | !
ws=0. 25 Y il | "i: IH """ T"T 10| * 010 ”i: i 0 00 0/0I0] ""1:
i 1 R | L SIS ISR TR N U, N [ I B S S H SR T .l
Ea-ﬁ (Emax) : : E|=Em¢tx (no pﬂddlng} Ec=6 (E_l]'_'_’im_]'____r_____l: : L I . B .:
P_ DN 0 ) [0 0707070 0707070707070
(a) Step 1: preprocessing (b) Step 2: dynamic (c) Step 3: bit distillation

the floating-point weights exponent matching

® Operations:
% Dynamic exponent matching — matching each exponent to Emax
% Bit distillation — leveraging the sparsity!



Methodology - bitlet accelerator

! i rS— h.i EExamples: b= | 0 E.L,ZE,,BE4 5 6 7 8 0 . BJ-LI'- ____________________________ !
| Emax | | o7 Emay - Eg =07 T T T . I
: T o Pl =0 100 0.0 0 0TAIOM] ... i;l ' High level example
W data ! b E-=-2 o - s T T i X
, My | | 100 000O0OGO [0 .. I : e
IA data|, ur[:at::k et M| —ﬁ: . ;{max] . ) “ li Diagram of RR-reg _:r
II =@Mi | I"“‘"ﬂ- Emax - Es = 0, no matching necessar;h" 'i Ii _@Eﬂl i
. . e o P TEDI0GESS MAGUIE) L o e DYNAMIC eXpOnENt matching 1 :
"ﬂ‘_h_ — —__E___—___—_-—-—' — '—__‘ —————————— [ : :
t |7 EB= : X |
I w— = | | i
| W i |
W lE M, Eul | e ,
I Ema'-| >> Emax-E, ‘ | == Emax-E, | .'rl_ " | X
|wu-1—!* = PN ! l
o — IJ I E Logic X
I = r ! I : S 1 D R t :
I E [ wire orchestrator i i =0, selettor; _ | ynamic exponent
2 gdg .8 =39 ..5 gag .. 1| while<23): te - matching: Emaxis |
I Y 3,!3 3 Eﬁj i zﬁj i ! if Mb] == 1 g |
I g == ;eg > RR.reg - ;'th ey 72 I | i selector.append]i] ™ the maximum :
-redp 1 -Tedz <. | = .. . . . o . . .
I | seect[S select| S solect| & _ ; Ii if selector is empty: .1 exponent, i.e. E6 in
e = = = Bitlet al fill_0=1 ¥ th b hiah !
I in—- ::*: a »a "o Compute Engine |2 o else: | i e above hig !
| M7 % — g_ ” é_ é I item = selector.popfirst() | ! |evel example |
I @ e @ @ 1 select = item L !
| i selector delete[item] o :
I Avs ] I return select x !
I 1 — —" - I ¥ :
7 | | ] e !
Ty I Power Gate Oy 04 0O, 23 |

7
\



Methodology - bitlet accelerator

Essentlal bit

: Find = |Enl [Examples: b= (0 1 2 3 45 6 7 80 .23,
| Emax | 4 ' | 1=~ Emax-Eq=6 =~ I
| 1 o Jle. | =0 100000 o[IEIOME ... |
| | I e || - - — - - — - -
:w data = i | Es=-2 | . i
Data Men ! 5 10 00 0O0GOGOD 0 e 6 i
Adatal] P e T [1] " [ Diagram of RR eg: 1
| —Apact 1 Es=6(max) 0 ... h . |
! o Manener |\HM5 -~ i ptr[5:0] 'l
I Looal Bufter I | Emaxr- Eg = 0, no matching necessary i :
e Pre- processmodule: | PII'EE"_'E_“-_‘_PP_“_B_"_‘_"_‘!EC_"_"_'L1'." 1 H
B i wi 1
N I,’ ! Mw.iran[63:0 : I
JJI 1
1
HE: lulr sal 5:0]5 I
1
T ¥Mw v E 1 ptr.devi[2:0] E I:_ ________________________
I
I

s 1 L ER— |
E : | dlstlllatlon RR-reg |
A e 1| uniencas |' is responsible for
¢ 31;‘3 i Eﬁj_ T 32‘1'31 Ty Uk if M{o] == 1 |’ this operation, but
S — 3 | selector.append[i] | .7 !
RR- RR RR- | .
G| [RR r«tjagn m;e; | r;gz = ||| wselector s empty: \:%I the logic is very |
a 3 : = Bitlet ol fill_0 =1 I simple! |
Ag—> eyl S /o) | Compute Engine | | 5 else: 1k |
A % ) § ’ § é_ I | item = selector.popfirst() |~
@ ® @ o I select = item |
;| selector.delete[item] |
Aws > { N - ] I ' return select ¥
't — - ik [
— v V v Voo a oo s a2
Ty Power Gate Oy 04 0, On



Methodology - bitlet accelerator

d PE Arrays [ I :
' | | | Bitlet PE
12.8GB/s 25.6GBls I - | : t d
: . | rorganization an
— | Emax 0o <<0 Bitlet .
l:; 24.6GBIs Pl i PE | | the memory
m : Activation cirl ' I ;accesses. All the
5 l o, st | | / PEs share the
— (A —> I it :,{,.I bandwidth
DDR local Bitlet T
Memory DMA buffer DMA I CE I ______________________________
| :
W — . - i final output
3 %-L, I . . ipadiager activation I
W weignt | | 0.l <<23 I
: FSM TR =
: | — _— I
(Wi e | £ d
—> Wl | o |

% Each bitlet PE is composed of one bitlet CE and subsequent adder
tree for accumulation.

== M DDR3is used on our FPGA Virtex-7 SoC platform.



OUTLINE

> Motivation & Background

> Methodology




Evaluation — Deep learning applications

® We use various deep learning application datasets:

els ype recision omain ataset eights -bit Sparsity (% P T T T T 1
I[ Model T Precisi Domai D GFLOPS | Weights | W-bit Sparsity (%) . !
! s : Tnge : : . In order to prove |
- N N . N . . 1 1
ResNet-50[18] Convolution 8 bit | Classification ILSVRC'12[3] 8.21 25.56M 70.15 (fixed point)
| - Tage ' the general- |
. . ¥ = 1 1
| MobileNetV2[35] | . | 8bit Clacsification | TESVRC'12[3] 0.615 3.49M 76.85 (fixed point) E purpose feature of i
2D . Object . e I
|| YoloV3[34] Convolution | ° bit Detection CoCo[1] 25.42 61.95M 77.78 (fixed point) : bltlet’ we use 1 2 :
| . 2D ) Pose ) : o . £ |
| Multi-Pose[24] Convelution | ®Pit | Eotonation CoCo[1] 97.55 S9.59M | 66.33 (fxed point) __| . domain-specific DL :
= = : 1
|| lapSRN[25] gnmsz'luﬁm 16 bit g’gfﬁ fi‘;fl“ SET14[4] 73673 | 0.87M--~[ 7431 (fixed point) tasks with 8 of |
| — : Deraining ——— =< ————.-- them quantized to
DCPDNet[45] Decod 16 bit | Dehazi | NYU-Depth{38] | 254.37 __|_669M- - - {-75:60-(fixed point) . . . !
! Decoder e ' 16bit and int8. |
| DenseNet-161[20] | o . | 16bit [ éﬁ?ﬁmﬁm ILSVRC’'12[3] 15.56 28.68M | 68.92(Axedpoint) | T TTTTTTTTTTTTTTTToooTTooooes
Feature . Object .
I FCOS[39] Pyramid 16 bit Detection CoCol[1] B0.14 32.02M 70.83 (fixed point)
I[ CartoonGAN[11] | GAN float 32 Style Transfer | flickr[2] 108.98 11.65M 48.49 (floating point)
I| Transformer[41] Seq2Seq float 32 WE o]n: dding wmt'14[6] 10.6 176M 45.75 (floating point)
| 3D Video . .
: C3D[40] Convelution | 199832 | Understandi UCF101[5] 38.57 78.41M | 45.83 (floating point)
|| D3DNet[44] ?[')lgfm bl | float 32 : E::E;’u‘f’;iﬂ Vimeo-90k[42] | 408.82 2.58M 47.69 (floating point)




Evaluation — Specification

® Overall accelerator Specs :

Accelerator ASICs GPUs
Chip ][31}’ 5“55 f%m ?2':;1]13&3 I[J;E]“m“ | Bitlet (Ours) | Titan v Titan Xp | Tegra X2
PEs/Cores 168 64 4096 192 32 5120 3840 256
Precision 16b 16b 1~16b | 1~16b fp32/16, 1~24b I fp32/16,8b | fp32,8b | fp32/16
Technology 65nm l16nm 65nm 65nm | 28nm 65nm | 12nm lenm 16nm
TSMC TSMC | TSMC TSMC || TSMC TSMC | TSMC TSMC TSMC
Freq. (MHz) 250 1000 980 1000 | 1000 1455 1582 854
PEAK 204.8 (fp32)
Performance | 23.1 2000 - - : 372.35 (16b) : ;;}zgg Effiﬁi }?;;;) Iggﬂliffiig
(GOPs) 744.7 (8b)
570mW (fp32) | 1829mW (fp32)
Power 278mW | - - - |l 132mw(16b) | 1390mw(16b) || 250W 250W 15W
I 366mwW(8b) 1199mW(8b) |
PEAK Power I 359.15 (fp32) 11197 (fp32) || 59 6(fn32 50.0 (fo32
Efficiency 83.09 - - ‘;}5 %ﬂ;’) I 667.97(16b) 267.87 (16b) || S?;mi) éf)fz) o ?Efﬁm))
(GOPs/W) 1335.93 (8b) 621.10 (8b) ' '
Area (mmz) 12.25 7.9 1221 1.59 1.54 5.80 - - -

Compared with SOTA accelerators, bitlet supports floating-point

arithmetic with higher efficiency (GOPs/W)




Evaluation — Speedup

frames per second

'----

Eyeriss (16b) ::-t:uts

SCMN ({16b) 1
m Stripes (16b) I
mLaconic (16b) I
mBitlet (16b) I
mBitlet (float 31}'

1|

lapSRN (166)

-

é

‘----

-

Eyeriss (8b) £
SCNN (8b) j 5.783
u Stripes (8b)
m Laconic (8b)
mBitlet (8b) |
i1 Bitlet (float 33
|

1

ResNet-588h b == »

4.362

0.3

\
|
|
|
l

Eyeriss (16b) : 0.23%
SCNN (16b) I
u Stripes (16b) I
mLaconic (16b) I
mBitlet (16b) I

= Bitet (float 32]|

il

DCPDNet (16b)

‘---ﬁ---'

| RN,

Eyeriss (Bb) 53 189
SCNN (8b) |
mStripes (8b)
m Laconic (8b)
mBitlet (8b)
o Bitlet (float 32)

49.970

e L L r
—

-

MobileNetV2 (80)

|
\

frames per second

3

Eyeriss (16b) |
SCNN (16b) |
m Stripes (16b) I
m Laconic (16b) I
m Bitlet (16b)
o Bitlet (float

Eyeriss (8b) I
SCNN (8b)
u Stripes (8b) IZ 066

m Laconic (8b)
@ Bitlet (8b)

YoloV3 fﬂh.'l

‘------'

0.6

-

l’ﬂ 556

Eyeriss (16b) I
SCNN (16b) I
mStripes (16b) I
mLaconic (16b) I
mBitlet (16b) ui

o
\----i-

= Bitlet (float
i

FCOS (16b)

'—---

Eyeriss (8b) |
SCNN(8b) |
uStripes (8b)  10.416
m Laconic (8b)

mBitlet (8b)

E Bitlet tl'lmltSI]

sl

Multi-Fose (8b)

0.305

—— .

® We compare bitlet with fixed-point accelerators:

% An interesting phenomenon is that bitlet-fp32 behaves even better
than 16/8b fixed point accelerators!



Evaluation — Hardware Ablation Study

Instance bare-m bitlet-fp32 i ’
Parameter N = N =32 N =64 B hardware Components
Ablation | WOM | WM pw/M WM w/M contribution to the
w/o D w/oD | w/D w/ioD | w/D
CartoonGAN | 0.012 0.209 | 0269 | 0.244 | 0.352 pe rformance
Transformer | 0.126 2152 | 2879 | 2509 | 3.763
C3D 0.035 0.590 | 0771 | 0.670 | 0.976 N w/ or w/o M: with or without
D3DNet 0.003 0.056 | 0.068 | 0.065 | 0.084 .
Instance bare-m Bitlet-16b exponent MatCh|ng
Parameter N = N =32 N =64 . . . .
R T EErr e e e N w{ or w{o D: with or without bit
w/oD | wioD | w/D w/oD | w/D Distilation
lapSRN 0.004 0.033 | 0.040 | 0.038 | 0.046 - e
DCPDNet 0.011 | 0.096 | 0.184 | 0.109 | 0.239 T T
DenseNet-161 | 0.187 1567 | 2260 | 1.779 | 2.812
FCOS 0.036 0.304 | 0455 | 0.345 | 0.556 e [ ]
Instance bare-m Bitlet-8b W e ).:';;:i o
Parameter | N=1 N =32 N =64 i o P e P e L .
Ablation w/oM | woM | woM | woM | woM : 3 M%ﬁ“‘% ﬂ u -
w/oD | w/oD | w/D w/oD | w/D : g 9 Y. 3 | ety
ResNet-50 0.354 2.970 | 4.598 3.371 5.793 : RRreg: [ | rommarrrapper
MobileNetV2 | 4.730 39.644 | 60.001 | 45.001 | 73.189 sl compute Engine
YoloV'3 0.114 0.959 | 1.640 | 1.089 | 2.066 ||
< | Multi-Pose 0.030 0.250 | 0346 | 0.284 | 0.416 1




Evaluation — Area at different tech. nodes

_____

Bitlet(float 32) Bitlet(16b) | Bitlet(8b)

tem Area Power Power Power

(mm?) | (mwW) || (mw) (mW)
Preprocess- 1916 1208.5 1000.8 1000.8
ing Module (33%) (66.1%) (71.9%) (83.5%)
Wire Orch. & 2.327 164.1 111.4 55.7
Decoder (40.1%) | (8.1%) (8.0%) (4.6%)
RR-Reg & 0.7 112.1 74.8 37.4
Check Win. (12.0%) | (7.2%) (5.3%) (2.9%)

0.7 293.3 195.5 97.3
Adder Tree | 1) hon | (16.0%) || (14.1%) (9.8%)
PostProcess- 0.2 48.5 7.4 7.4

|_ing Module (2.9%) (2.7%) (0.5%) (0.6%)

Total 5.8 1829.6 1390.0 1199.1

Bitlet(float 32) Bitlet(16b) | Bitlet(8b)

Area Power Power Power
Item 5

(mm”) | (mW) || (mW) (mW)
Preprocess- 0.553 356.8 296.598 296.598
ing Module (35.8%) | (62.6%) (68.6%) (81.2%)
Wire Orch. & 0.570 63.857 40.28 20.651
Decoder (35.9%) | (11.2%) (9.73%) (5.54%)
RR-Reg & 0.131 27.37 20.28 10.128
Check Win. (9.6%) (4.8%) (4.56%) (2.88%)

0.244 107.424 71.616 35.808
Adder Tree (15.8%) | (18.8%) || (16.6%) (9.80%)
PostProcess- 0.044 14.88 2.304 2.304
ing Module 2.9% 2.6% 0.53% 0.63%
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The contribution of this work

( )

1. Propose a novel philosophy of leveraging bit-level sparsity — bit
interleaving

2. Propose a specialized general-purpose accelerator — bitlet, to mine the
maximum potential of bit interleaving

J

s

@ General purpose ] ‘ Leveraging the sparsity for accelerating both training and inference |

\

7

@ Multi-precision support ] Floating point fp32/16, fixed point from 1b~24b ]

® High performance and efficiency ‘ Up to 15X and 81 X speedup over GPUs |

Designed for General-purpose Deep Learmng Applications, and what’s more?
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= We compare bitlet with GPUs for both training and inference:

Evaluation — Efficiency

% Due to the general-purpose characteristic, bitlet could also
accelerate the forward propagation in training.

Models
GPU (Train / Inference efficiency in GOPs/W)
Baselines Cgfﬁ“ rgf;ir C3D | D3DNet
Titan ¥ /03: .2179 /42-(1)?80 / 1ai.8322 /04?667
Titan Xp /Oé .2306 /Sigi 3 |/ 1:%.3159 /0:;21‘2
Jetson TX2 /_oi) /_1;%9 /_0._27 /_0._;%0
Bitlet (float 32) /96-;1?29 /76327 /8622)4 /462.724




Evaluation — Efficiency

® For the accelerators, we only evaluate the fixed point quantized

tasks
Accelerators Inference efﬁciencylf) 1s In SOtPS/W Accelerators Inference l\c;iTt():illeency ig in GOPS{\\/{V =
. enseiNe . u
Baselines lapSRN | DCPDNet | ~ 161 FCOS Baselines ResNet-50 NetV?2 YoloV3 Pose
Eyeriss (16b) 9.92 9.42 9.79 9.71 Eyeriss (8b) 9.79 9.80 9.76 9.85
SCNN (16b) 24.29 20.96 19.49 23.77 SCNN (8b) 15.97 15.98 23.88 27.87
Stripes (16b) 25.06 21.34 15.03 19.63 Stripes (8b) 14.32 13.03 18.91 20.57
Laconic (16b) 46.04 39.32 31.27 36.64 Laconic (8b) 29.60 29.00 35.29 36.58
Bitlet (16b) 168.75 302.71 217.87 221.87 || Bitlet (8b) 236.82 22413 | 26150 | 202.07
Bitlet (float 32) | 44.64 55.82 69.03 50.33 Bitlet (float 32) | 62.83 53.92 48.46 52.24




Evaluation — Sensitivity

= Two design parameters are

evaluated

% Number of simultaneous input of
the bitlet compute engine -- N

¥ PE numbers

-

7 10
[=N [= %
55 - -o- - CartoonGAN = -§ 9
-g - =o- = Transformer 2 8
ﬂs —e— C3D ¢'§T
54 - -0~ = D3DNet EE
g g5
£ - 4
g2 g3
E 4 E 2
2 S 1

0 0

4
Simultaneous input to BCE (float32 mode)

8 16 32 64

m32PE

s

Normalized Performance

m16PE PR8 PE (baseline)

3.82 3.85
3.27 3.30
241
1.94 1.76 1.95 1.77
1.47
1
O.S
0

Transformer CartoonGAN  MobileNet V2 ResNet 50 DenseNet161
(float32) (float32) (8b) (8b) (16b)
o 8
- == = [apSRN " -E 7 - -o- - ResNet-50
- —= - DCPDN 2 g - -0 = MobileNetv2
—e— DenseNet-161 = o 6 —e— YoloV3
- -~ - FCOS g 5 || - - - Multi-Pose
24
=
3 3
N
w2
£
’2 1
0

4
Simultaneous input to BCE (16b mode)

8 16 32 64

4
Simultaneous input to BCE (8b mode)

8 16 32 64
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