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Technical Perspective
If I Could Only
Design One Circuit ...

By Kurt Keutzer

To view the accompanying pager,
visit doi.acm.org/10.1145/2906864
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Abstract
Machine Learning (ML) tasks are becoming pervasive in a
broad range of applications, and in a broad range of systems
(from embedded systems to datacenters). As computer archi-
tectures evolve toward heterogeneous multi-cores composed
of a mix of cores and hardware accelerators, designing hard-
ware accelerators for ML techniques can simultaneously
achieve high efficiency and broad application scope.
While efficient compumnonal primitives are important
X 2 giae incfficient memory transfers can
put, energy, or cost advantages
Amdahl’s law effect, and thus,
prder concern, just like in proces-
factored in accelerator design on
e, we introduce a series of hard-
DianNao family) designed for ML
), with a special emphasis on the
erator design, performance, and
number of representative neural
to achieve a speedup of 450.65x
e energy by 150.31x on average
sstem (a member of the DianNao

ards heterogeneous multi-cores
and accelerators,designing hard-
calize the best possible tradeoff
ciency is becoming a prominent
ar which category of applications
ign accelerators? Together with
rds accelerators, a second simul-
rend in high-performance and
developing: many of the emerg-
1 embedded applications, from
ition to automatic translation,
wbotics rely on machine learning
bplication comes together with a
ning (ML) where a small number
1eural networks (especially deep
ave been proved in the past few
across a broad range of applica-
a unique opportunity to design
cant application scope as well as
rieney.*

1s are mostly executed on multi-
‘'Us,” or on FPGAs.? However, the

SRR (2017)
20354 B 561% 8L E K a1 5

20504 g Ry H AR o

DianNao Family: Energy-Efficient
Hardware Accelerators for
Machine Learning

By Yunji Chen, Tianshi Chen, Zhiwei Xu, Ninghui Sun, and Olivier Temam

Cambricon

X KR @

| BRI FF10004%

domains, such as image processing, also propose efhment
implementations of some of the computational primitives
used by machine-leaming techniques, suchas convolutions.*
There are also ASIC implementations of ML techniques, such
as Support Vector Machine and CNNs. However, all these
works have first, and successfully, focused on efficiently
implementing the computational primitives but they either
voluntarily ignore memory transfers for the sake of simplic-
ity or they directly plug their computational accelerator
to memory via a more or less sophisticated DMA.**1?

While efficient implementation of computational primi-
tives is a first and important step with promising results,
inefficient memory transfers can potentially void the through-
put, energy, or cost advantages of accelerators, that is, an
Amdahl's law effect, and thus, they should become a first-
order concern, just like in processors, rather than an element
factored in accelerator design on a second step. Unlike in
processors though, one can factor in the specific namre of
memory transfersin target algorithms, justlike itis done for
accelerating computations. This is especially important in
the domain of ML where there is a clear trend towards scal-
ingup the size of learning models in order to achieve better
accuracy and more functionality.'***

In this article, we introduce a series of hardware accelera-
tors designed for ML (especially neural networks), including
DianNao, DaDianNao, ShiDianNao, and PuDianNao aslisted
in Table 1. We focus our study on memory usage, and we
investigate the accelerator architecture to minimize memory
transfers and to perform them as efficiently as possible.

2. DIANNAO: A NEURAL NETWORK

ACCELERATOR

Neural network techniques have been proved in the past few
years to be state-of-the-art across a broad range of applica-
tions. DianNao is the first member of the DianNao accel-
erator family, which accommaodates state-of-the-art neural

The original version of this paper is entitled “DianNao: A
Small-Footprint, High-Throughput Accelerator for Ubig-
uitous Machine Leaming” and was published in Proceed-
ings of the Intemational Conference on Architecrural Support
JorProgramming Languages and Operating Systems(ASPLOS]
49,4 (March 2014), ACM, New York, NY, 269-284.
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This is CS50

Harvard College

Spring 2021

“11 weeks, 10-20 hours per week”

LR ik e

7

Week 0 Scratch

Week 1 C

Week 2 Arrays

Week 3 Algorithms
Week 4 Memory

Week 5 Data Structures
Week 6 Python

Week 7 SQL

Week 8 HTML, CSS, JavaScript
Week 9 Flask

Week 10 Ethics

7004524 ERKIR
+
Bh#UR B B &

Accordlngly plan to

watch lectures on Mondays,
» submit quizzes by Tuesdays,
+ attend class on Tuesdays,
» submit labs by Thursdays,

» optionally attend tutorials on Wednesdays, Thursdays, Fridays,

Saturdays, and/or Sundays, and
» submit problem sets by Sundays.

EHANF ML,
HEREFRIERT?

AR

more comfortable
16%

less comfortable
53%

M52

somewhere in between

31%
]

REHE 8 FE10/N /BN

10+ hours per week on problem sets

10
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o VEZS vs. YL es
o KEbmr FHENTNM, HZHIE “HilR”
o ARWREES
o ‘ZHiLinux+VS Code+GoZmfE & Hiz1Thello.gof &

o FEJIAETI: Fn @ (ask for help)
- B RS S BB R GRAEA B 2B )
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%f“;gpﬁlj\lﬂﬁt “The Ultimate test of whether |

understand something iIs if | can

1. FERFBEAETENLE EHAT explain_ it to a computer. | can say
D BEPETRE (R AR MDD something to you and you’ll nod your
W e : head, but I'm not sure that | explained
. :Eﬂxé > ,\/T\ h h . ’
3 skd (thought experiments) it well. But the computer doesn’t nod
Its head. It repeats back exactly what
@ Don Knuth's Home Page X - -

| tell it. In most of life, you can bluff,
& C & www-cs-faculty.stanford.edu/~knuth/ but not Wlth Computers.”

e B BRI R ZRMRK, &
BT R ENIHER

Donald Knuth, Feb 2020

Susan D'Agostino. The Computer Scientist Who Can’t Stop Telling
Stories. Quanta Magazine. April 16, 2020.
https://www.quantamagazine.org/computer-scientist-donald-knuth-cant-
stop-telling-stories-20200416.

Donald E. Knuth (% % 44), Professor Emeritus of The Art of Computer

Ui -

Programming at Stanford University, welcomes you to his home page.
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ﬁgggg>&%%ﬁ@<wm>oﬁﬁﬂﬂ%%%ﬁ%%%ﬁﬁﬁ#ﬁﬁﬁﬁ%ﬁﬁﬁ,M%Aﬁ@ﬁ
ill o

AL (digit) 2R-EME (number) FIZEAEZ . FATRAEBR &M E, (decimal digit) o #lan, +
HEHIB279H =N HEkRIE AL, 2 RE2. 7. 9= BT, EAITERRRE G BUE

Eb4% (bitakbinary digit) & ZHE4IEAr, BENEUE NOERIMIEA . Fltn, —ksl3i11104 ALy, il
1. 1. 0. k11105507 1k H %2 14,

BFEAFS (digital symbol) & °] H—PNEZ AR RIS, ATRA— NG BAmFHY . 85— 15
FRGARF PSRN A—A i BN (word) FRow, B LLEREOR v (word length)
FH (byte) Hrfg \NECRFA R 7555 . AT K S,

FFF (character) &2 —RAFRMB TR S, RREFMCHBI AR (text) o APEGREWRFRFE: For
PO ARASCNFEFEE, BEAL by 7. $&FFF; LARRERTAK Unicode 7774, BFA. 0. ®-
. YT,

Bk (algorithm) 2 —2HE 5N, 25 H R E S E 7 77 5 HE3AE DR T

B (program) ZEIVLEMIRFETE SRR, M2, 7R RHEMITENIES RN EE. S (code)
iR R, nRBEFEEANRET . B (software) HLIEFET KUt BAFE T 09 CHY

B (data) 2 —HE TS5 .

YRR P B B R AT T AL, AT O SCE (files) o FREEAAHERTE, MIMENL TG, FdE
SCAFRTRR P SCAEAN = B0

BAERA (data type) SEHrE R FIBHRETFENL A RN S BN o A = B0 A M e 2R A
A B . B Yl

#ZHH5R (control abstractions) i & MEMEMINT . AP FELVE MR BEMLL . BTN
FPo AR, IR, REOAR CEIEIBFIRAD .

16



= REREXLIHE
o Bt ENL (FATERAKED
o [R5 ImTHEAMNL (FENLE BLilf
o MARITENL (FRANTEAILIKD

Rt R
L EML (supercomputer)
KAWL (mainframe)

/NEIHL (minicomputer)

HLEE (cluster)

TAEu, (workstation)

AL (microcomputer)
E#E1HEH (portable)

M NE % (dedicated device)
BlReFHl (smart phone)

Al ZE T HAL (wearable computer)

AR BRI RS

e 6 o6 o o o o o o o \3
&
7
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o FEEH KRR, LW T AN =Fh B
o LLIFFEHER IR DT BT FE ] SR AR 22 [n] it

e Can solve problems unsolvable before

e Demo to show the computational process of computing the size of the panda area,
by accessing the dynamic webpage panda.html

12

'
10
W (width) 8
6
H (height) 4
2
0 >
012345678 9101112
(a) School Mathematics (b) College Mathematics (¢) Computer Science
Regular shapes Curly shapes Irregular shapes

FREhG IR AR T
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https://teacher.solid.things.ac.cn:7243/public/web/panda_area.html

4.2 T’F+EAE ST

2021, ACMEIEEE-CSELE &AM | CiFHE MR R R
(Computing Curricula 2020, [&#rCC2020)

FEAFE: FIRANEE > BESFNHE
BAEH = R+ B+ BT
Competency = Knowledge + Skills +  Dispositions
mAiTRAES . R !
HEAE ] = B¥ + BEKR + =48

THHENUBFEE ARy R EEYE (1D KA ] L fE
LA (2) BliEMERIARIHE
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BT,

PRI T — MR HIEE. C8F —BYPPHE 1, FATHN “DNASE” .
WRA D8, THEHZR “DNAFAE” , B — T (EXBER) BRHsiid.
DNA Storage: Research Landscape and Future Prospects
https://doi.org/10.1093/nsr/nwaa007

TAHF!

KA N Ivxingyu <lvxingyu20@mails.ucas.ac.cn>
R I%I}A]:2021-06-07 19:38:57 (£ 1)
WrEN: "B <zxu@ict.ac.cn>
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o WHEAREIM, HRA
o U1 “UNF” MEATRAL I NSRRI, BN T AR A
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Bloom's Taxonomy

ﬁIJ i.té:: ) Produce new or original work
A e Design, assemble, construct, conjecture, develop, formulate, author, investigate

Justify a stand or decision

-‘I/SIZ 1E‘ eva I u ate appraise, argue, defend, judge, select, support, value, critique, weigh

50% —<<]

/"4 A N Draw connections among ideas
I '1\7:%\ differentiate, organize, relate, compare, contrast, distinguish, examine,
‘ ; i ,494 V a n a lyze \?\ experiment, question, test

Use information in new situations
execute, implement, solve, use, demonstrate, interpret, operate,
schedule, sketch

30%

Explain ideas or concepts
classify, describe, discuss, explain, identify, locate, recognize,
report, select, translate

Recall facts and basic concepts
define, duplicate, list, memorize, repeat, state

20%

Vanderbilt University Center for Teaching

e o

https://cft.vanderbilt.edu/guides-sub-pages/blooms-taxonomy/
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o FIBURME: FIBKK DA% E KA P12
o OIEVER: HAEHEE LS A E B

/Creative Expression \
ﬂroblem Solving \

YT T
Encoding Com '

| ‘ putational

Bl LR (Modeling) __ Processes

) 1] B8 Problems eyl

HHRS
Computing Systems
Eﬁi@Target Domain \ 22 [H] Cyberspace //
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HAMLET

l‘l:ﬂ )@*%ggﬁj DRAMATIS PERSONAE

CLAUDIUS king of Denmark. (KING CLAUDIUS:)

HAMLET son to the late, and nephew to the present king.

o szrﬁ/\ﬁ/% HHE—1TGo
\EF? ’ @z &I\}E‘I/ftli ,lj‘ —‘/\ ACT ISCENE | Elsinore. A platform before the castle.

% Y_‘ — /\ PRINCE FORTINBRAS Let four captains
I 7< I /fti: h am Iet tXt IKL‘*‘ ﬂ& j: l Bear Hamlet, like a soldier, to the stage;
For he was likely, had he been put on,
% AUtU m n b m To have proved most royally: and, for his passage,
b

The soldiers' music and the rites of war
Speak loudly for him.
Take up the bodies: such a sight as this

Becomes the field, but here shows much amiss.

AN )q ):IL % E K] ):IL \‘)"L%‘ I va IIIJ Go, bid the soldiers shoot.
® %ﬁ: = —J NI /X H y_ll—i Z‘ jjl [A dead march. Exeunt, bearing off the dead

bodies; after which a peal of ordnance is shot off]

~ I

Sem AT AN ) 45 R Sem A i 1 25 R B A

23



P NAE LB ——aIE HERE

o TR NEIZEBIEH RIS IUEN (E)
o JHIBIETED

o é’%} 2% - colorful wor

. W) 1%
o I EET] ..
i il

\

" [
\_ ot (- /
/ EER | EIET |

-
- B ofFE ot oMl

r‘"\J Biehdid, RRGF—F, HHEFSERER—HN—MER, - ERHRIE~

RIS, SIONRIRNTeoN, EXBEAT—%, S AIERAE NN~
2020 I R 2 BB E 2 0B IS ER 2021 R MR ETHE 2 ER S
T=X, 50%E. %1, 50%4mH5 "%y 2.0"hR 172174088

1554745 45 3.0 BR21 51T B

24


https://teacher.solid.things.ac.cn:7243/public/web/Kitty_Band.html
https://teacher.solid.things.ac.cn:7243/public/web/colorfulWorld.html

4.3 BFEEMARR (B8: J8ED

KXEBERS TER (HEVREEMRE) , 2004

o “IFHEIIAl¥
=17 F

X

T E T FA LN A

LA

IR '?f%tﬁ LK

-ﬁﬁmﬂ%ﬁﬁﬁ?&'%ﬁ
o RVEZ MG IBIIEFNERIE;

o I
o I
o A

& e O
&S NIES ), TTHEAZYH
FH 3 N6 Fa U K ;

o WRITERETIHIEARIR

o KIEH NREREMIRAI LM

— /4

JASKES

s T EALLL L EATRE T4
BRI R EALRE 1 SRR,
1T SR A ) ft

* SR 1] 1) 4544 5

HTHY . BRVER)TES)



B At

EEBEREE TRE GHEbRs DnRERE

MR AR (BE: TEE)D

H 3l

_%ﬁ¢%M
o “UIENLEIF AL b‘} H1LLA 18 44
11— 128, - HRIMFETENLRIE IS FR,
HSLTHEYL & '?f%ﬁ UL A FH T 3K A 1a) it
PMER TCETHEALN & BIBCORF
SN BRSBTS BT
o JTRE PR S BENERIERAE, %’&%ﬁgﬁ&m
gf%ﬁg I3 F AR B
w3 S AT G, e BTSSR R A 1 5 A
o RIFLIERIRHE K Ponp TOLRRER
o REIIBEE I AT R Eiﬂﬂ”‘fﬁﬁl‘rﬂﬂlﬁ
N R AP T 7 EOE - I ¥ A st

26



MR (% BeiE)

Ree Wit — S THEAUSIMEIE AR, SRIEPIBFEF(50)

var fib [51]int

fib[0] = O I/ initialize fib[0] and fib[1] 0 =0
fib[1] = 1 F(n) 1 n=1
fori:=2;i<51; i++{ /I forfli¥F: iteratively compute fib[i] Fmn—-1)+F(n-2) n>1

fib[i] = fib[i-1] + fib[i-2]
}

s [ R, T\ TS OSBRI S. Bos %, BMP B
/ A TS BAS M . IS B

e FRRIACH eI B nse IS B R A% 1Y hide.go F2 7.
yrid VEITIFERET . BIANFE Linux R8P hide HERE .
HL Vo7 (N, THSTHLAE S B BT

AT B AU = A SRR BRI
FOWKE | (SRR LLE ST . B4R & H0 b IE—HHL BT,
- A YLK 2 Fh T I P AL
R | T EZIAL B AR ER IR, T L i
| A B SfEETALR, Fie LR T EIR ML

| AR /| U P EERER (REBEERER).
WE BB SN kEEte s, SHER, B R, B4




4.4 GHETHEHLE 4E R RHE

o M. THENI AR BT RERE
o HMERHRFIE: ABC
o Automatic Execution 1+ FEE 5N L H BT
o NTENI R AR X
KR : AR EGENE T UL S WS — 1712
o JEEIETFE AL B

- HEAT LIHEA A REEIE J=
WV K R
o Bit Accuracy HAFIEHE (%ﬁ%lkﬁ‘]ﬁﬁﬁ\

o iJrf%’iiifr_%E‘J*/l\tl:%%‘B%EEﬁE@ i
o Constructive Abstraction . )
HEER R r h

o RGAMAA TR R, DU WHEAS
- fAIERIE N A BT SR R S 7

CCRFRBYERE 0, RIS I AR
ISP 95 ERP RS M 1 30 0 ST DLE 2 BRAE FI79
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THE B 4E R IFAE

o NIURTE:. Acu-Exams-CP

BT

(A): Automatically execution
(C): Correctness

(U): Universality

(E): Effectiveness

(X): Complexity

(A): Abstraction

(M): Modularity

(S): Seamless Transition
(C): Connectivity

(P): Protocol Stack

.

HEI$AT . THENLREY B 3T BB HCD IR R TH R R

e,
A
AP =R
HHRE.
i LA
BERAL -

THEHLSRAE 1) R (A VEATAT AT DS R e SO0 A
THEHLAE S SR ARAE = ] T 55 1)

NATTREME AL G H BE B B 5 i1k vH S LA R A ok 1) AL
XEHEI R 7 E () BT a) /2 e 2R
RO O IE T R R A = A2 T M R 5
ZRYE AL S OV TR R S

ToEEMHE . TR R RGP IR HAAT .

-
PR -

RZ 1R SR P I SR R A, AR AR
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Logic thinking makes computational processes correct
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Algorithmic thinking makes computational processes smart
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Systems thinking makes computational processes practical
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