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+ FoA HE 7Hs T APIE Fall Edlo]lA Mg WAL Aol d AE AF
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AMBA AXI4 TLM 2.0 A]E&o] €] [1]= gtE 4] 3411 ARMo]A] 9 & 4 A&
AFohe HA A EYOHE LE A2 C++ 2to]E 222l TLM (Transaction Level
Model) 2.0 2 A & 1Tt E A A (Transaction) 2|8 2] A]7F A} (Approximately-
timed, AT) 2@} Ato]Z 9] o] A&t (Cycle-accurate, CA) R &S A|-F5}H, 2
=R A= CA Rdlo] AR &¢It AMBA AXI4+= oFHlSF s =4]0] 2 (2-way hand-
shake) H|7}U =& 7]Hl o 2 =21 0] Read?} Write |2 7121t Esi A o X
4,096 vFo] E 9] Hlo]E|7} A 2] 755k qk A o] A AR8-5F= NPUSF DRAM A H1-&
Telsto] 1024 Hlol £ 3719 o] T ohEE Aokl
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AMBA AXI4 TLM 2.0 A B0 g (0|5} AXI4 A Ego]E])= vz Edfme
A/dste v E (Master) a3 fj2] o] S o]H (Slave) HE= F/4 5 0]
Ak A Y] Al g0l H =4 FA Sk NPU A& 2°]8 5l DRAM A& 0§ 2te]
JeHo|AE ol 7 BES] S S tAE HE2 NPU AlE20]H
e 4= = AlEolH @1 (Simulator Wrapper) 24 -2ttt Al&d|o] ¥ #¥=
mo] 4 (Python)©. & ZHJ % MIDAP A E&]o]E o] DRAM A 942 Z&
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2 mAzelA BAsHs S AR o|H o Azt 5718k Edlo] Ao Z3HE NPU
£9 ol ojAeh, Zelo]H RES ntAH BERYH A
g e o] 2EE 7] (Packet) $912 64 HLO] E L}io] DRAM Al &0 E]¢]

24 FAXH SRAM Al E3F0lH

H = Boj| A &3 NPU A] AE]o A= © I 5] SRAMO & Cache®} SPM-E #] ¢
o A& QI Al EH Ol H 2= A AH AAS Fofl ohFet A A 99 &4 (Design
Space Exploration, DSE)-2- 71551 5}7] 9135 213 F+d St 7] A E] SRAM A& 0]
B E 0]85}9t}. CACTI [7] S|4 AA3E SRAM P& 7]Hto g2 Ato]F 9| o]
31 (Cycle Accurate) AB#014S & 4 9ITh. CACTIE te] 24 melg 7|

SohE L& &2 ER v Aol AR E AL 9leH, - AR (Cycle), U A],

A 5 T AEE HAFETh F 7] AAH SRAM Al EH o] H& 17 21904
B2 ZAAY AXI4 A& 0|8 9] 15k~ (In-house) A& o] E 24 F25HA|
=], A AE Aol wet e A o 2 ALg-ETt

Cache A g 8| 0| E]l= v 7 4= (Parameter) Aol whe} 37]¢ - 28] & 4

Q= LHEAT EF A7), A (Associativity) 37| 5 Tt A2 53] Cache
FZ HAo] VP55l B2 wA AMo 2= iy (Random)T} LRU (Least Recently
Used)7} A9 5™, & ==ollA= CNN RN B F2 4455 HolE LRUE A

51T} AXI4 Al BE0]E] o] BB BE 2R E Ag e w0 2.5 Ramulators}
64 1}O|E gle] W70 2 1150l A Cache ABo|E o] Ak}, AL
w712 Cache 0] whak DRAM BJo] €] 2 242 294 7]0] Ezfo| 2 o] Gz
Ramulatoro]] A=}

]

r°l‘

_L1

SPM A|Ed|o]E= AEE F o] (Control Core)2} o]2] 71¢] Y3 (Bank)Z 4
= Rt A2 E VA AL ok A Fo|=NPU Hupd 2= R e A H SPM E
glo] A (Trace) 7|REC = F25HH, Egflo] Ao A AMEE ¢2H2] 0 & A 2|oh=
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1} SPM A}o] ©] t|o] ] o] =S ¢]5F PREFETCHS} WRITEBACK 7|9l &=, NPUS} SPM
Aol ] Blo]] 57]3HE 918 SIGNALT} WAIT 7|WE R LA Elo] 9lck. SPMe] 7}
WAL Aol T 64 vlo|E9] Hlole] Helt Fbsshe] WA Sk ALH &S
S Aol apet ch2A AAE 4 ek,

25 ox HJure YT A T

2 AAe A NPUO| 9.1 3 e o] ofufah &M 2 Ayw=A] 2 74
Q92 A A ot o Wme] B 27 NPU UJF0] DMA, H2
713 DRAME 7-2.5]of A5t

2.5.1 NPU

Aglo] AFg-81TL Q1= NPU AlE2 0| E] ] MIDAPS DMAE A E2o] A5}7] 9]
o 248 o] 25l ek DMAE #AME 5 (Command Queue)S AH-&-5}o]
MIDAP®] ¢ &t 3] m i g] to]g @735 ¥he|sh= &S et AWE Foll=
7k Qlem, 17]9] Write 5791 A2 the A &5 71 2719 Read F2 79Tt
DMAE= W5 2A1ET g4 o et 242 o] 78 a2 o= ghelshal o I 3 v 2]
dlole 2740] 3l& A Edflo] £ (Trace)E /g sto] M2 AlEd| o8 2 ALt
E o] A 9] &9 AlF o] AF&5l= AXI49] AHlo] TAGIe] A7t AXI4=
Z o] 128 vFo] E 0] Hlo]E WA Z (Data Width)¥} Z|tj] 2567 2] H{AE A4S 4KB

| total transfer size |

burst transfer size burst transfer size burst transfer size burst transfer size
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T4 73 A (Address Boundary)2] EHA A (Transaction) T2 2| {s5tal glom, &
=20 AR 1024 vho] 2 T910] E AL g lelch NPUS) @2 3 vl

842 AA= 1KB oW, ZA1= 1 MBE dol7t= @9l TS & Aot
webA, EfHAA TS 26h= HiolH 832 19 2.29F Zo] EfAE del®
LFrlo] 4 DMAS] AAWE ol A7o] 511 27 Ee] nfe} Edjo] 22 Makslo] o
282 AdETh

NPU Alg#|o]E et v Alg o5 o] Efojs HE2 57 S 53] ©f
FojAnt - vl R 2= 409671 o] Edfo] A5 A 4= 9= 270 9] =% F (Circular
Queue) 2 /= of Qltt. NPU A 2| o] 67} M & Al g e o Bl of] st Efo e
27 7 (Request Queue)of #7go] =11, MA Algeo]He 2L 3 2] Hlo|HE
S 7 (Response Queue)E F3ll NPU A E& o] el o] AFgict. dlole] S-S Haz

o]
512 = Write 8 32 Q% {2 S vt &

T AlEdolE Aol o] ARt F7lskE Edo]

2] EfAAS 3ok Al Aol 25 2T A AlEFolH 9 e 3] iR
EfAA sao] grEH F= A2 Atol2 HEIT dlolE et @7l NPU A& 0]
Elof] AEE AL o] 5 FF AZE F7187} o] ROl A Al Hrt. NPU A|2H° Al o]H
T30l A== AlE ol Bl Y of whet AR S r1e 2 b & Sl

B~ A Ba|o]E & AFE5}T 9= AMBA AXI4 TLM2.0 A Ed@o]e= 12 2.3

e ol 579 ZH Al Ad2 7HA AL 9le ™, ZF AI'd 2 Read 54 A, Read H| 0| H

209, Write 4 2l'd, Write g|o]¥] g, 1128]11 Write -25 g 2 F+A =t Read

S} Wiite A= A2 Th2 2 7]ute] Ae4]0]7) rhZ0 2 Hels)7) v
4 A9t 92 A g 4 9l

AXI4 | BOIELE H22] R 17 (Packe)d At THAE RET} vR

2] 872 Fch= SElolE BES 7HAAL QUt upAE RES T1E 2.204 Hof

- " % x
¥ i 11 =L —
-"*-_i —— T H W], 11
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A= ZAAE NPU AlggolE 258 A vh2 2t 1,024 Hfo|E el o] EqiZA
(Transaction)- ]~ Z (Bus Width) 3.7] ] 64 H}o] E ©h9] & 1}iro] g0 B R Eo|
dgstA "ok g0l BE2 ntAH EE2 T H T2 12152 DRAM A&
Bz dgsty ERYAS Fd5ts e Wzl die S5 ¢/ =W vt 2E
oA HZS Huf mEe] 240 Hr =5 &tk Read 2% ] 7 &H | Zl°]
dlo] ] 7} Z3to] =2k, Write 274 ¢] ¢ dlo|E|7} E3HE] 7] ¢k-o w7

71E2] AXI4 Al g0l Bl = ntAE REd Seo]H e 111 4
£ 7HAAL QISiTh 2 =20l A= NPU Zoj5o] ol 7[19] SPM %= &= DRAM
W AE = F2E 7HAk s17] fiZe] L& 24| (Crossbar) &2 o}

rr
[*]
o,
N
T,
m

Read address channel
Address
and control
Master Y Slave
Interface Read data channel Interface
Read Read Read Read
data data data data
Write address channel
Address
and control
—_—
Write data channel
Master Write Write Write Write Slave
Interface data data data data Interface
Write response channel
Write
response

<

13 2.3: AMBA AXI4 |3} sl E40]7] T2 EZ (ARM Holdings plc [1])
i
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(Interconnect) RE-S 271519t} QIH 7 HE BEL YlRo] NPU F0] 42} EI5H
318 7 (Queue)S 1A 71 9lom, 7 NPUR S o] 2% W7& A% 2

#] (Round Robin) ¥4 © 2 si}e] 5.2 Aelsto] Ao Zutt shte] mjz1-e Ae)e
2 Q%% oIt SPME AHRE A9, vRa] £45 BT A vwal g 7Rl

SPM EL DRAM RE2 9|71 Agsid.

2.5.3 DRAM

eFo] Qe H| o] 2E 915l Ramulator WF-of] B312] RE-2 F7}5HaL APIE 55 2]+
M 2F 7HedtES Skt APIE Fofl Y w2 w2 @ F2 BElx] s 7o
T (Queue)o] A= o] £aba oz £PHH M2 AZH ol H £ bl Afo]Smttt oF
APIE &5l et2 s AAWET} 2] Zeletrh. F AlEolE Ato]o] AR 579k
H 2 AlE# o §] 7} i Abo] 2ttt Ramulator o] 9]5- APIE €&} o] Fofiitt.
Ramulator= 7| E G570 whE ohfet F-5 7HA] L 9lom -4 9lof et =

o]
%S
A4 0z Azlsha Qlek. AMES] ERoE WARRE YA Hoz 27 e Read

t
=

L} Write B = o] 2]o]]| DRAM F-Zto]| uhat A o 72 A &)= Activate2} Refresh
AWE7} £AGHck DRAM AIE 29| 2712 0] w2} of-go] 4302 77} 2
AP
ES

Beled Aol et 87 A9k Al A EerE
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Chapter 3

DRAM 2 e B4

NPU A5l 9F= F= 8lole A3 7FA7F AR 21 5 7F8 @2 Abe
AR5 J5S AsHA7I= 891 F Shv= 2 3] DRAM
AANA A =

=]
oZ517] 915 FH.o8 A 0|8 S o] 831 9l I 3] DRAM Ao 1%

2
S
rel
ral
=
o
e

)_.1(‘
w)
=
>
<
o
rH
B
re
>,
3
ek
Z
=
c
o
ofr
filo

N

A A A Sk WH2 AlEdlolgnttt thefstA LAl Ql=Hl, & JHE ol
AL o1 % DRAM A 2 A X|749] ol Zof| ALLE]= DRAM AL mE 37 o

o 11 ¢ (Bandwidth Model), 24 24 (Analytical Model), 712|311 A &Egfo]Ad 2E
(Simulation Model) 2 2-55}o] A $tct. Ramulatoro]| 4] A|-5-6F+= 23)'d 2] LPDDR4
3200 Mbps A2 7]dto 2 7 DRAM A B9 342 LAsHA T thoFst CNN

292 49e QWstel vl LA

3.1 Y 9= w4 (Bandwidth Model)

Y% B9e X 3 DRAM 29| A9l A7t d2o] DRAMS] At o=
(Max Bandwidth) P& 312 7} 7e+gk meo|ch. DRAMo] g4 2] o] 2:730]

ri
HU >

At o} .0 2 FATITHE o]4# 2l 714 sho] Al4k5l DRAM 3 A A
NPU %S o] 24tk DRAMo| 2o WA o S0 2 Faks] Slajals
W (Row) = Ho]7] (Page)ell &3 F2
Q4% 02 Moo} ek 121 Hlofel B A A AT ThE A Alzke

<

:'ﬂ._-i-. '|| [

rl

o
ne
rob
=
o
&
o
A
rr
<
5
N
2,
il
A
N
rlo
mlm

Fl
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A JAY FAID = Aot 7Y E]ofof Shet. tf 9 & R dlof| 4] DRAM - 2| A Al
7t Diorat(B)-& NPUZF DMA-S 55 DRAMC 2 A3t glo]E] 8% 3 7]|E AF&5}o]
TAE Fol ALTE W, A 3104 BoZ]= AAE 87 dHoly 27|& o g F2
2 o] IFESHA @& 5 Ut} SCALESIM [4]2 A|~Hlo| A H @ & Sh= DRAM
WA 75 ASoH7] Al hH Bl GARE AS ARESEAL Qo). AlE 20|

A& &9l &2 A DRAM 84 Hlo|H Z7]& Algdold 3 Aol2 2 Yiro

r\o

DRAM FH A1 A|ZFe] NPU 5ol 9= 4 %71 ¢ 283 2/~ DRAM

B
B Wd ram

Dioral(B) = (3.1)

3.2 EXA nd (Analytical Model)

% mele AjAgo] d%3t DRAM tig£o 7 5
7Hgsto] DRAM F 2 AJ7HS Altstr] w2l A& 41=|5h7] o fith. 24
nEo gz ndo] 714 FHA| 2 ZHE5}7] 98] 9 T 2] DRAM A A7t Gk
0|z = thokst @ 9152 Hialsle] 441516 meloltt @ T %] DRAM Ao 9k
& FE 8902 E HA QF A AZE DRAM Hojx] o] /|3 %
N A

N

J41 (Refresh) 2|4 A1ZE 5o QUet. ofefj o] ~4]2 DRAM Al S0 B 2 4] AH-g-5] 1L

+ Ramulator [6]2] LPDDR4 47 ZF53 AMBA AXI4 A#-& ZFi151o] whE0] %]

39,

—]

7102, @7 MIDAP [5] Ao & A AL§ 5t gl #4 melo] 445},

Dioral (B) = Daram (B) + Dpus (B) (3.2)
B
Dbus(B) = Cpuys * ’7 —‘ 3.3)
packet
Ddram(B) = Dinit(B) +Dtran(B) +Dref(B) (34)
B B
Dipit(B) = Cready * [ w + Cpage * [W (3.5)
Bpacket Bpage
¥ —i-l LIl | =
) 1 {
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B

Diran(B) = 3.6

! ( ) BWdram ( )
Dini B)+D ran B

Dref(B) = Cres » { t(Pe)riodr:f ( )J G-D

DRAM 5% 7] 91 A|7He: 4] 329} 7Fo] 217] DRAM | & A|7ba} W 4 2] A|7H
©° 2 U= 4 Artt. DMA 232 AXI4 Y AE 53] 1,024 vl o] E T 2 1|7 (Packet)

= A Sh=dl, M2 XA A7 Dpys(B)2 A1 3.33F o] w21 9] -0 w71 i 4 Q &+=
A A ATt Cpus O] 522 BAE 5 AT (Bpacker= A ROl A 1,024 BRo| E 2 A7 &0
91Tk T2 HASHE A A7 G Bl Hlole] H4 AIZHERE of]el DMA
2 A3} DRAM Ato] 9] i E4o] 3 & 2 E-Z (Handshake protocol) =2 Q1GH 2] A] 7
ookl vt Wzl o] 27]= Fdf 4,096 Hio| EZ} A A AT 2 =F o] Aol M=

NPU®} DRAMS] AgF5 A 2fato] 1,024 o] ES AR5

A9 ATk, T2 A4 D AZEe.2 Wro] H@T 4+ 9tk 27] A1 AIZF Dy (B)
© 4] 3.59} o] Zu] A A7k} Ho] 2] A AIZEe.2 LHeTh 1,024 tho]E 27
172 DRAME] B~ E (Burst) 17191 64 o] E 9] 2.8 s 5 2 o] 7 =], A

21 A7kl e}, W7k A (Open) AH 2 HHFI A1 S Hatel7] weksis Aol
O1%7] W Eo] W01 7] 27 By 2 8,092 HFO|E T4 2 ¥]o] 7] A (Open)o] AT
tha 7} st

AE A A MZE Dyran(B)2Z oW A4 AT 2RHE]R] ¢f et S A
o
=

S UpEhel, 4] 3.6} o] 94 o] 275 DRAMS| Htj tjedZ 0 & 1hiro]
AR HelZ mee FAT AL B A4 A AL WA melojglrt
A A A7} Do (B)S DRAME] EAA B a @ A (Celo] F7]42) 402 <)
o ASHE A A|zkolet. 27] A A|7kak A4 A A|7ko] T3 DRAM 53]
AT B3 AT 7 R ok A AR A B Cey®] B2 AR

o)) &



377} o] EAY 4 9et

3.3 AEHo|Ad g (Simulation Model)

34 DRAM HZL 19 H|w

© 3 % DRAM 5 7|91 A|7ko] NPU 459 1] 2= g ake
3 Al 717 DRAM 2 melg 714 1 A1 g-e Aeystart. chakat dlol g fAg
AHgste] HlAES7] 18] ol AL8EL 87]9] CNN RESS o] 8515t DRAM

! B2 Algdloldo] BashA g2 tFE Rey 24 242 NPU A& olH

Ol

st

<) MIDAP tfi2o] 28510 Sl NPU A Beolel2 AS AYSHAT, A8
ol w2 e 2014 LT ol H DRAM % 8|2 Alge ol e Tedto]

49

filo

APt 18 3.19] A2 Z2 ma] %] (Prefetch)L} ©]% H12] (Double
Buffering) © 2 #AHZ|Z] = @I ] DRAM i A4 A|7HS Hoj3H, ZF CNN
ndoj A u Qe JEEEH 92 g B4 ndl 723 AlEdo]d RE 9]

Avhg epit.
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>.000,000 , \/ Bandwidth model
4,500,000 _
& w/ Analytical model
4,000,000
3,500,000 & w/ Simulation model
3,000,000 -
2,500,000 B
2,000,000 A
1,500,000
1,000,000 :
500,000 :
0 233338 333NN 1333[HNS 3331
S S > S S
F & & ¢ &
Q .c,‘-'o 09 o
N € & &
&
717 3.1: DRAM Z B o] 2] oS AIZF |
< 4 = DRAM] 2tff tff o Z0]7] wfj Zof| Zpo|7} B2 A Yrettth. SRt 2o
& Fo] opd thE 19| tf = k& AEstE et 443t DRAM o & o] {-4]
Hrh= 7Hgo] Slofof sh7] wiell et A5 27] 47| il o] & {3 A4t
NE e 2e W B3 getebr] oot whEbA], tf 3 Heoi] 2 o Y
DRAM T 2] A7EO & &3 452 A =[s}7] o] Frt-
A wue golZ meEy) uwsie] 9T % DRAM F A9 A7+ Kt 4
gotA dlEotet. 22fut AlEdold BT} v W ok oF 12.5 %ollA 253 % F&
Aof| &2 ATHE HolFih 4] o] WA 2] At DRAM A4 A7 1
2lsto] @ I 3 DRAM T A4 A|7hS AL G A Skete] Hds17] & <%
fRlso] gol 7] wlwoll o5 247 A E4 RdE ALK F4-9] o
olHE ¢AH o0& Ittt 7HS ZHA AL 8 5 HlolE A7) 7|Hte] Ao w
9 3 DRAM - A4 ATHE AlLkskal Lot skt AA] S0 A= o2 gt b
olg] HLo] Aol HAE R ¢t AMBA AXI4 B]AX =219l Read / Write
A 71Hke g T2517] uflio] A 4% W DRAM HAE S 9] A A& 1y
W= 9] £~ 71 vF 4 4= Qlth. Ramulator [6]2] DRAM 71 E&E2{+= Read
[ T | —9
4 . .-"'{\- '.IL ]_l| {j} '|]|_
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T (Queue)2t Write 51 (Queue) 2] Al ol what 8.7 AJgkef] 434 §lo] Read H4= Write
AWMEE AHeh HAGH A= 215} Read / Write AHE7} W A}sho] 2 2] = H gF

7o 7AMETE Aot A2E wje} vl ste] DRAMO| 8] 2141 Alzte] AXd A
A7 Frt. NPUS| Hlol8] 87 =A7F FH 25 0 2 Q] DapA]= 22 Hlol
wet FA o2 AAEY] ufef B4 REoA o]F Hejste] FotA 44
stohis A2 7] ¢t EfficientNet-B3 [8]5 B, Al g0 iHll o] 24 o
A2 w7} oF 22.7 %E T2 CNN REET} vl wsto] 37 vehdth 1 o]g&
EfficientNet-B32] Write R 3 v]-go]| At © &2 =0} Read / Write W E A}o]2] W
AF@/gol o At Agt7] ol

O

Y

Jﬁﬁl

==
o=

=2

r
N

L

o] ¥ho] DRAM A2 2] & A 7ho] e F= 02 2 Sk 24§ § 712E

DRAM 29| Bjo]g] 7|7 4lo]et. gkt d|o]E]7} DRAME] 50|17 (Page) 91l

w7 o] AAE A Ferhd 4 359k theA HolAE e sy 93 A

A7ko] Z7b& ushA] |k E Ch2 291S DRAM H o] sk DRAM
D

d

RAM©o] a}A} HE] B

ol

7871 (Refresh) RIE=E A8sHA| A|2381717F o] Hth= Aol
A2

(Active) FeZ FA5H 212 7PR5HR 4 A 7IEO 2 A 373} Zo] A4HS 5}
=4 414 7441 57 DRAMe] F24514) ¢he (Idie) Aejel 4] Aol 25 25}
w o] 271291 441 A @ A17ke] A7 4 SIEk. o Hio] AAIZE 2 ¥HAsHe DRAM
85 A 9]%] (Bank Switch)& o= © 2}
E@5P) o] 2@ thFat 80150] EA5H] 2] £ mEo] 0.1 DRAM H2
A A7 ZE ol AL 0A4E 744 4 dre] gick. whebd] NPU el Gk
u]Ae @I % DRAM A2 A9 AI7HS Heai] Z4skn £487] sl A8
dlod melo] W asitt.

olF 3.1 AlEdleld RdE Tl 42 4

o&
mlo
N

g NN melo] 17 A g0l A

il
@

°]Z (Cycle)7} 1 % I 3 DRAM H %A A7F (Cycle)o] XA|5He 1] &2 B
oJZC}. U-Net [9]9] 7S tj5-50] DRAM - 2| A|7H0] NPUS] £2} A7} 5

I e} 2] (Prefetch)L} 0]% ¥ % (Double Buffering)o] |5 AFH 0 2 %4725 7
A Algglo]d Arol]Zoll A ApA]St= H-&o] °F 7.6 %= v WA e AS &
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Hlo]= 3.1: 87 CNN R o] Ajg o] d A3t

CNN Models | Time (cyclesy DRAM Latency (%)
DcGAN 379,293 73.1%
DiscoGAN 579,038 67.3%
U-Net 12,422,621 7.6%
ResNet50 6,412,221 37.5%
SEResNet50 7,753,888 47.2%
MobileNet-V2 1,517,676 40.9%
WideResNet50 13,922,360 22.9%
EfficientNet-B3 8,991,889 49.1%

= Atk SHAIRE 1 9] 9] thE CNN R Eof| A= DRA

M
7FA™ NPU /5ol vl-¢- 2 Fd&= F2L e A= & 4 Atk 53] DcGAN [10]2
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Chapter 4

22 AF X

2 A HollM = 2= 3 DRAMY} NPU Afoof & Apo] 20| @ I 34 SRAMO] Q)
W2 AS 27 NPU 5ol ojmet §Fe T4 Ao 71E9 g2 a4+
A CNN 7}47] = dibz ez 3 W7ol & Ato] 29| SRAME 1L o] &85}
glole AARE-& ot 4= A== AA = 3ink. 22 Ay = Rupd 27 ofl A
© A%, I &R, H3 Fo| gt Alefer FE3] Z Aro] 29| SRAME = 3
A ARESH s @AIZE ot ZLEA dlolH o] AAE2 T Flolo] e &%
(Fused) g[o]o] H ] QtoflA At o= o] FofH Al of2] go]o] Atofof A B4 &
(Feature Map) H|°| €& &-rohe A2 f A @dth fE 39 Al g o] d =d A=

o] 5t 5HA 2 215 NPU

1o
i
oS
<
i)
)
ol
=2

H| =5} ofo]t] o] & 712 71& 9] o= NVDLA (NVIDIA Deep Learning Ac-
celerator)E 535 FPGA (Field Programmable Gate Array) 7} A| AH] A& 0| ¢l
FIRESIM [11]7} Q1t}. A A= np2]9t &) ¥ Cache (Last Level Cache, LLC)S ©]-85}¢]

=79 CNN 29¢] YOLOV [121914 4% -8 B & gicka ik, st 5

o)
z
=~
c
=2
>
o
s
lo
0
Z
Z,
K

e
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N
A
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rlo
e
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o
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SRAM.© & ©] Cache /52 57451 2L CNN R dl o] E4dof upzt o= 7 Let

A% TAE Cache7} -840 20| NPU A 251of) ghol) b8 Bol3ih
W E o A= TheFst CNN dlS AF86lo] @ I 3] SRAM.O 2 4] CacheSt A~

A = H 2 2] (Scratchpad Memory, ©]5} SPM)E H| 1l B416}%1 11 SPMo]| Cache

1t 87 ¢ B9 NPU A2 8o] o Hgehe 4w et T3, 93 7 SRAMO.2

SPM& ARG5S w 9] A F == whe] 2%, 2 I 3] SPMoj| A ] Hlo]§ AjAHg-2 ©]

89 2 3 SRAM =7]9] 2[#g}, T12]1l @ & 3] SPM¥} DRAM Afo]of A o] Hlo]H

] dhef ol ol 4] et

hzl
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4.1 Cache& A8 2] AF {X

Cache=H| L8] A9 A|7HA 2] <A (Temporal Locality) 7} 374 2] <A (Spa-
tial Locality)-2 ©]- &6} @ I ¥ DRAM H12 37|F o7 ZRl stEgoj2 HE #
TH A2 A5 7ol 2A 71045t &2 A Ao A= NPU Al AF]of A @ i 3]
SRAMO & Caches AF§gt W] Al F27F NPU A5l ulx]= gkl tialAl
gt 72 CNN R 5S §of dnEnh 2|57 e 22 3 DRAM H A4
AlZbolgh= golE @ 3] v i 2] T A A Al & HHfto] ARgRtt:. NPU A5
FF= v = WY P2 2= 3 DRAM 8T oty @ T 3 SRAM
ALk 27| izl

Cachei= SIEFo1E /4 5t= Aol Wt 450l BhEA Yebdth NPU A~

ol A Cache A5 2749 7172 7] $15) THFt Cache shetule) 4L 5 4

—

M

=
Al o9 &A1 (Design Space Exploration, DSE)-2 Z15§5}%tt. EH7 CNN 248 2]t
HE o] HlolE 3.1004 AA| AlEdo]d 488 Ato]Z (Cycle) tiH] 2= 3 DRAM
A A A A7 (Cycle)o] 2] 0 & A LrEE SEResNet50 [13]1% g skt 1
3 4.1-2 SEResNet500 41 9] @ T H mz] HZ 2 A A|7to] 8MB Cacheol] A B2
719k A/ (Associativity) 7] whe} of @A Holsh=2] HolF=Ial A| 7FA] Af
Ae gl o it A A= s F72] Cache 23 F-of 2-way ot 2t (Set

H
Associative) Cache”7} 71 £2 A5-2 H Y tt= Ho|th 5 WA= Cache 5= T 7]7}

4,500,000

», 4,000,000 \/’"

9

; -------- e rrrcecrsafercrrrrrsrrerrrrrrrerrrerreereeeeeee

“ 3,500,000 - —
3,000,000

Direct 2-Way 4-Way 8-Way 16-Way
— Blcok 64B —Block 128B Block 256B Blcok 512B ---w/o cache

13 4.1: Cache Ao 2 o 3 W2 2] FZL 2] A7t (SEResNet50)

Jﬂ ',C':. ]

22



Cache 5o 2

=
A Z| & (Feature Map)L} E] 7}%2] (Filter Weight) G0 €= 9]7]

2 Aol 22| BE-L Cached] T4 A44E TEoto] NPU 45

Fo Fohe Holch thiR el o ) vme] HLe thgael 5
=]

1 rlJ
£.=I’
e
o
ol
2L
rr

l

filo
ity
o)
rr
fin)
H-I

s
o H|girk. ThAeFo R Cache AFGROE Q5] Je X 4 vme] A A

AZr) 747} 7R e 2] QRobehs Holth 1 £ A5 K. SMB 2-Way

A9t A Cacheof| A @ ]t a] AT A A A7 Cache s AH8-51A] &gk wfjof

H|w3lo] @2 7.6 % AX 7+ AZN-E Bol}.

T1e = CacheE ARESHA] QA0S W] e 3 mre] H A AIS
oh20] & ot 1= 64 HEO] EQ} 512 HEo]E E5 A7]|9| CacheE AHE-S}
o] A7}E YepALt o] A A3 of| A Cache B2 7|7} NPU ASof J&F2 &= A

6,000,000

5,000,000

4,000,000

3,000,000

Cycles

2,000,000

1,000,000

0.2 NPU Al28o] 49| Cache 452 SH1517] $J5) 47 9 Ea1o]

L
rol
>
ool
tlo
R
o
olt
ol
38,
i)
[
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e
[\)
1o
[
)
=
p
=
A
N
R}
@)
o
o)
=
o
Su
o
=2

o
=
[

w/o Cache
w/ Cache (64 B)
mw/ Cache (512 B)




257} Bl A & 3791 512 Hfo] E Q] Cache 52 7|1 A& HPst3ict A
& A= 5Y Cache YAt CNN R o] F-Rof whet @ a3 o] 4L
21 A|7Ee] 2pol 7} th2 A UEhg S Kol

Cache7} NPU A5 4o T2 & Aolgtes 7|tiek= th27] SEResNet50
[13], MobileNet-V2 [14], 712] 11 EfficientNet-B3 [8]2 A| 2|5+ L} 2] mHAE-2 Cache
S AH8SFRS W] Aol @68 CacheS AFR5HA] FokS Wt olgtd AntE

. 12] 3 Cachex AHE-SHo] 450l /8 RSk B8 ARFE Al2dolA 9

Cache J5 7|t 2] ofli= IA R 2| 2] Xt A& UEFR o 2L, Cache E5 217] 9
U2 A7 CNNoj| Rdof e} A5 4 A7t th= Al Lhghal 7 CNN RE 52
& 3719 Cache £E5-5 AHESHAS o 2512 A50] shE|gint

NPU A|AH]o]| A Cachez QIR A5 o] 24 ¢f2 F2 2910 & = NPU +
3 SRAMof A 9] o] AA-g= Z|dieked
W= AAE 720 Hole= &  SRAMO| F-x0f 8HA| 4= 1 2 3
SRAME| Z17|5 Z2¥she 2 Ate] 29 glojE = @ 3 w1 2|2 % o] "t 5]
T ) F2 O] NPUE @ I 3 | K 2fof| A o] Hlofe] 274 A& A e shA] o7 of
ol Cache®] ¥4 F25] E-&olA] 23t A5 HoFQlt Hol2 4.12 22
] SRAM O & Cache& AF85F= NPU Al A"l A ZF CNN E 9] Cache L 54

o E4o] gitk. YWIHOR NPUL £

-l> EN

o

E|o] & 4.1: 87]] CNN Rdo] tjjst Cache HL 54
CNN Models Size Write R Hit (64 /512)

DcGAN 3.6MB  1.69% 0.0% / 7.6%
DiscoGAN 54MB  1.12% 0.0%/12.1%
U-Net 36.IMB  7.70% 2.4% 1 22.4%

ResNet50 37.3MB 14.19% 16.5% / 28.6%
SEResNet50 | 50.6MB 20.90%  26.9% /47.8%
MobileNet-V2 6.5MB 16.83%  20.2%/51.8%
WideResNetS0 | 78.9MB  6.90% 7.0% /26.7%
EfficientNet-B3 | 56.0MB 36.10%  60.1% / 78.0%

3 y i
-':l-\-\._i _l\.;_._ .|| ..-'.:
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£ HojEnt. 7 WA A7l Sizew CacheZ @7 5= B Hlo|H 9| F o= YEH
O G2 Write B}Q] 9] Hlo]E 27 0] AA|3l= &< HofErt. npA9) E2 Read
£l tiet Cache Hit Bl-&5 Wet=H] -8 H4rE] A28 o4 €] Cache Hit H]-&

o= 90 % o/F<l Zofl HshA tiF<£2] CNN REloflA] Cache Hit H]&-©]

stalS ™ 23]2 5ol st AikE KA1, 1 o] fr+= Cache o] 52 4| 0]
DRAMC 28] 9] &4 3] flo]8 AES Wele &= 9171 WZe|tt. DRAM HEE
2= iAo AME F (Command Queue)S 7FA] T glom, AR HE Mg dt
< Hloly 875 AWME Fofl Aste] ZF ANES 454 2 DRAM| 8 4
| Rbet. SAIRE CacheE AH8-51HA] =W Cache Miss7} 451918 W &5 Aol = &
|2 DRAM 87 o] B3| F[ o] Cache &5 At|o|E7} ¢tz =] 7] 27H4] = DRAM
HEZ2 9 7|HE Fofl 37144 dlolg 870] 5012 7 "t Aol Arg:
5H= DMAE H|o]E] @3- IKB 27 & Uiro] A4sh=t] IKBR T} 2He Afo] 2]

2.9 A8 79 29 Cache Y o8 8 0] 229] Cache Miss & T4 A7 &3 3

=

DRAM 2 2|41 A17+& 7o) 2] 7] 5z Zo]ch. ¥HHlo] & Afo] 2] B5-2 A1§3 7
- Cache Misse]| T3 5 E]7} 42 Ato] 0] 222 A4 wjrch 27 eht7]
| o] WideResNet50 [16]2] 2 Cache Hit H]-&-0] o} Lo w B8l 9352 o
Qe F2 A AR P Lheke 5 Gick meb A 28 g 2719 Cache 252

AREShE A2 NPU A5 ol B2l g40)t). shARh CNN Reutr; £2 4

EfficientNet-B3, MobileNet-V2, 12|37 SEResNet50-2 & =7]9] Cache E5-&
Agotee o) o] PEIGL) ol 418 B ohE Bl uls) JrH o2
Write 879] nl&0] %7 Lhehb 21 2 4 9lek. Write S2H2 gojo] 71 Hlo]e]
A& $1oll @A olojo] &8 A Ak (Feature Map) Ho|HE A7 off &
Sy, Wiite 8 4] Qo] EH Cache 2Zo] th& Hlo]8] FLo] 4] Cache Hit

1~ a

.-':l-\.\,—i i I- T

= |
H Of
I |
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L CNN RE o A= Cache 2 Q13l| AJ50] G/ JATE T H]&o] 2] 943
E

938 A50] 5l2hE CNN REE % wotrh. NPU A] A8 o) A] Cache= H|o]
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42 SPME AHEF W|mE AZ 72

SPM (Scratchpad Memory)-2 Cache2= E8] 81 W A4 7|58 9ISt st=
ol 222 AT SRAMC = DRAMY= #2]H B

&)
[E

24 m2 Jefu)7} SRAMS AH4-8A4) ZE

iy
sk
2 A
30
H1
o
e
o
e
1z
R
=2
>
rr
Z
)-U
c

£ Shie] WA (Bank)o} AEE Folz FAHT SPM 3= DRAMT} S5 5
4 49L 741 QLo m ] cycle @ 64 HRo] E9] Ho]H S A elgtt. SPM Aol
NPU$} DRAM}¢] Read / Write Go]E] 232 Aalst7] 93t 279] 77} 9o
NPU9} 75| 77} DRAM3} 2 e Rt 94 2915 71th AES FTolx
SPM E o]~ (Trace)E 913 ARH AWEE &340 7 A gt AR=o] 53
o= glo]H A4S 95 READ / WRITES} glo]H = 7]3H= 25t SIGNAL / WAIT7}
olrt.

7 435 A 74 2719] 9.1 3 SRAM A4S 71 1 A%

net
S

23

lit

HojZr

5,000,000
4,500,000
4,000,000
3,500,000

0 3,000,000
g 2,500,000
2,000,000
1,500,000
1,000,000
500,000

B w/o Cache and SPM
w/ Cache (512B)
w/ SPM




A2 52 CNN el o & 3 v ia] HT A A7e Uepdet. ZF CNN 2 o]
A g O 2 e & 3 SRAMS ARSSHA] ks 79 o 3w 4
T A A F AL 512B 25 37]9] Cached AHE1AE w9 A7, whAahe
SPM& AH85}5S wle] Ake o] Zof. A FTHs SPME AL 1) 0.1
m 2] G 2 AZHe] ZhA Fo0] CacheE AHE-0F2 wH ot G4l S| e
Ao ox Y wme) P A A7He 0.3 3] SRAME 41§51
Wkl 2|4 492 %, T 83.6 % 7| A= gtk E6], SEResNet50 [13]<]
73t e R T A A AR 71.2 % AL A Al ol Aol & (Cycle)
6

ST @ 3 v &2 T AlZko] A Aol Ato] 2ol A 214

St Bl
oA A% TS H AL gld 4= 9t
SPM& 9 I X SRAMO & A eist uf] A|AE] o] I7| /A= 2= Q19d 714

Z o]+ NPUZ} AE-E Hlo]E]E SPMo] mlg] Za]w|%] (Prefetch) sh= o] 7}
517] w2 olct. NPU 2| d|o| ] @ %8 rolobul Cache Miss W S22 w A = of u}a}
DRAMC 2 2§ o] glo|g Za]H|%]|7} 7153 Cache?}= t}2 7 SPME AE =g

or

_|_4

7} NPU Zimhelejo] o]5f 4499 SPM Edl|o] A5 917 DRAMO 25 E] o] glo]e] =
2 W2 S mle] 0 5 9Tk oS Fol NPU A% sheho] 5 €191¢) DRAM
254 A|7ko] NPUS| 214 0 2 Jabg 5] ol @1 4] vl me] 1 2|4 Azke]
27 a8t
SPM& AF85Ho 2 Ql5 ZHA % DRAM HL HlE E5t NPU A% SFAto| 37
71of5191ch. Hlo] 4.2 8719] CNN elo] 4 9] DRAMT} SPM A £ 32 &
16| SPM ALgA] DRAM 3 W=7} 37 Z4% AL #0184 k. &
o)A #flolo] 7t Hlole AAE-E 918 B4 A% (Feature Map) S 0] WAIT
A9, SPME AM5HA] SHeThe o] 231 ¢]7] $18F DRAM o] ¥HEdon 3
QsHAE SPME A8 T 7ol 271 DRAM 7 glo] SPMol A ¢14] Hlol el S
Palad 4= 917] YlEo] DRAM Write7} 27 7148}, £, DRAMO]A 3 92
glo Bl A ILE 9o} Fhe] sle] SPMe] A AALEE 4= 917] TF-o] DRAM Read $14-
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E|o] & 4.2: 87]¢] CNN 2 dlof tfj$t SPM @ DRAM AL &
CNN w/o SPM w/ SPM
Models D (R/W) D (R/W) S (R/W)
DcGAN 58K/ 1K 58K/0 58K /59K
DiscoGAN 87K /1K 87K/0 87K /88K
U-Net 546K /46K | 501K/0 546K /547K
ResNet50 524K /87K | 437K/0 524K /524K
SEResNet50 | 655K /173K | 478K/0 655K/ 651K
MobileNet-V2 | 88K /18K 70K/0 88K /88K
WideResNet50 | 1.2M /89K | 1.1IM/0 1.2M/1.2M
EfficientNet-B3 | 587K /332K | 234K /0 587K /565K
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43 SPM oz AR

e
S

9404 9.3 3 SRAMOZ SPME AH§3 o BAsHe oux] 459
o} =

e Bds whaglon 4 ouA] anths defste] deE st

H
ke = e Ao] gol 2ol= CACTI [7] &5 AH8-5HY] 32nm &7

L
li
d

=
ot
n

d

Ll

o

t}. H]o]E 4.3-2 8MB SRAMT} 1GB DRAMO]| HLA| AL E]= Read / Write of| 15
= et 1F 442 SPM2 ARESHA] 919t ol DRAMOA A sh= o
Ao SPME ARE5H-S @ DRAM 9 SPMoj A WA Sh= of L 2] A K& H] 5}
HolFErh 2o A2 %2 SPM} DRAMS] & o[ U 2] & U=t H|o] & 4.29]
Zh 2] g2 ¥k -0t Hlo] 5 4.39] H G U A] AR S Fote] AL Aok

SPM-& F7F5klS w9 o A] A ¥38}t= CNN R elof whet oh= A et
9 I 3 DRAM AL Hl1E 7} SPMO & Ql5f 74 E]o] DRAM o] 7] A= B E CNN

glo]& 4.3: CACTIO| oo & w2 HIA] ofuf#] 2K

Memory | Size Read Energy (pJ) Write Energy (pJ)

SPM 8 MB 919.84 805.57
DRAM | 1GB 4429.05 10720.30
8E+09
7 DRAM energy w/o SPM SIM.
7E+09
# DRAM energy w/ SPM SIM. o
6E+09 2 Z
= m SPM ener SPM SIM. % %
3 56409 By W N
2 3£+09 IO =
w A B/
2E+09 // Y 7w
o
1E+09 Z 7 E
o % i
o »mm 77Ul 7 7 H
s & L&
N .\‘,co @ 6&‘2’
Q s'\\"-’\e
<&
13 4.4: 8 7} CNN 29 ©] SPM of| L] A] AR
A L-tj] @
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oA A AE B QAT T1REE SPM 0 =2 QIR o |{ 2] AR 7FF7F5HRL
of. AA ol 2] ARl 7P E G & 22 SPMO]| o5fl ZAH @ 3 DRAMS]
A2 WL gt} go]E 4.29] EfficientNet-B3 [8]S K H SPM-E A}-2619)-2 uf DRAM
tlolEl o] F& F o] AFetAHA] DRAM Read 329 RI% 47} A At A2 &
4= Aot SPMef| Hof| A o2 F o A& AR Sh= DRAM < HIE 9] Hae
A o[ YR &2H7} oF 67 % 74t AytE YERE T HhH o] WideResNet50 [16]+=
ox YR HE A AZFo] 79.8 b= AA HASHIA T AA |2 ARE @
S]e 11.5 % S7Vstletl 1L o= At o= & L (Filter)9] AFE L2 7F52

A}

(Weight) g]o] €] 2] 3277} 71 #] 7] W&ol DRAM Read Bl x4 ZFA 7} 32| ¢¥Qtch

A9 DRAMY} SPMO] H Bl 7|Hto g 52 ofyz] 4Annh 437
woll AA st=lojoll A o] 574 Biel= 2Fol7t 312 4 . SHA|RE SPMo|2h=
HE o] st o7 F71E o] | A £R7F thAa F715HE 2He @ & 3] DRAM 3

R=)

o] At |z 2RO FIPF ARG A YehRl oh= Aolzt A5 4
AAIL SPME AHE-5HA S 1 o] NPU A5 7iAl-e s tha ofghe] ofuf 2] &1
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4 Z 9] A SoC (System on Chip) T ZHele]] Hh<-
2ol 93 A WAL Fol7] 915 WL welo] A%ET Yt
7 (Global Buffer)2 9|5 AF&-5}111 9]
g5to] HlojE] AL SHEE Tl
5] fEo] Fhsd 2 A7]9) & 3 Hwels et f s =
9 % o] o] Hry
271 Agd 4 gl glck webd, NPUS AAS o A%t B Aolo] HA%
2L §AsHE Ao RARTt F asl
4

20| A4= NPUSF @ 2 DRAM Afolof £]x]eF @ I ] SPM

rlo
N
2
18
ﬂ‘ )

O] EECNN RS tifo=s oo 3 vma] 3 XA AR 2A 7ot A<
HolFdn. 2 Ao = H SRAMS| 7|5 F0]a 2 I 3] SPMoj A €] go]H

4 SPME £ 3 SRAMETE Hlo]g A A|zko] LelA|ut AtjH o 2 Ao 25
7142 917] W] DRAM A glo] SPMel A]9] dlo]e] Akl 7Hssiet. & 3
SRAM 2L7] 7122 Q19 NPUC| 4% 2|37} Thas MAYSHAA| S © 22 3 SPMeA] o]

e dlolE 8L Fol 3R A o5 B 4 geret dlarstt

il

rsk

HlolE 4.4: & 3 w2} 7)ol whE 3 A7 (Cycle)y} 2 & 3] w2} H 2]l
AZE & (%)

CNN Models MEM 1,280KB MEM 1,024KB MEM 768KB

DcGAN 242,793(58.0%) 242,793(58.0%) 242,793(58.0%)
DiscoGAN 329,012(42.4%) 329,012(42.4%) 329,012(42.4%)
U-Net 11,629,916(1.3%) 11,682,869(1.8%) 11,779,946(2.6%)

ResNet50 4,713,398(15.0%) 4,755,842(15.7%) 4,851,908(17.4%)
SEResNet50 | 5,150,330(20.4%) 5,217,425(21.5%) 5,354,882(23.5%)
MobileNet-V2 | 1,070,456(16.2%) 1,081,067(17.0%) 1,138,830(21.2%)
WideResNetS0 | 11,379,810(5.6%) 11,440,317(6.1%) 11,616,816(7.6%)
EfficientNet-B3 | 5,991,630(23.6%) 6,199,476(26.1%) 6,480,897(29.3%)

3 i | 1
H 2}l o
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Aol A AM-E NPUSI MIDAP [5]& 24 & £720] £ 3] Ao HnE 7121
Qltt. shut= EA] X & (Feature Map) H|o]E| S 9]¢t IMB SRAM<S] FMEM (Feature
Memory)©] 1l = th2 5= = E| 715%] (Filter Weight) | o] E] & £/ $F256KB SRAM
¢l WMEM (Weight Memory)©o]th. 2 A2 WMEM ] 97|= G235t AFshol| A At
Ao g 2 AJo] 22 7}x FMEMS] Z7]2 728 KB, 512 KB& Zo] 7} As)=|glc).
HlolE 442 2 3 SRAM 7| 27]0f| whg A Al&eo]d 3 Ate]Z (Cycle)=
HolEr 13 o v K] H A Algko] 2FA]5t= Bl E2 HE qtof E7]H o]
Atk
DcGAN [10]7} DiscoGAN [17] BE1¢] A2, I @35t EA 2% go]g o] 27]7}
&7 % v w2l FMEMO] 2711t} 3] ghobd A% Aol As}7) ghole. v
of o2 CNN H & of| A= 2 3] SRAMS| 77| Zr4-of whaf 2|4 1.3 % (U-Net [9])of| A
Z|tj| 8.2 % (EfficientNet-B3 [8])7}A] A A 428 Ato]Z (Cycle)o| thA slEtol= A&

2 2 gle. ShAI% & 2 SRAM 7] @4 215 NPU A slete] Ami Azt

27 UrERA] ShekT SPM ALSHA] QoES Te] At H] ek o] 8] 2 A
e Bol gk

o

=

£ A SRAM2 NPU S| 24| "2 of|A] ©F 70 % o)< vl F Ft5 AA5HA
7] wzell 2 3 SRAM 57191 40 %= E QU vhe A2 4 WA o] el E kol &
Zio|th. CACTL (7] =l A1 32nm 57 7|RE 2 R elefet A= 2 3 SRAM
2.44mm* o) A 1.68mm* 2 £ = - HoFch 2 3] SRAM 3717} 7hAsto]

e 49] 117 430] HAE )

fu)
ox,
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or
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4.5 SPM oA 9] Hlo| 4=

ox vl me] Hite] 2718 Zolv] 915 ke W F Wol Mol Aoz Y
o8] o] Gltk. ofe] 74x] el E-S 2 85te] DRAMO] 449 dlolle] 271
H434E0 24 X 3] DRAM H 2|4 A7k NPU Aol i 4ake Stk
dlole] 942 & Wi NPUSH O.I 3 SRAM Ato], L 0 X 3 SRAM} . 3
DRAM Atolo 4 o] 208 % 9111 §17]o] nfet 275 SHEFo] BE L} NPUY
e P A7 Seb 4 Qleh B i Rol i 9. 2 SRAMO 24 SPME AL§5t

%< ) SPM3} DRAM Afo] ol 4 9] B|o] & §1%o0] NPU 45l ofwd 4 ge 17
A B

g 2ot
Ae 5 747 744 A1 Aso] Hlth & AL ol 4Ee 25T
FEES P GAT 4 vk Aol tharet dlolH 4 FualEo] 24167

ojofstotal 7St = daldlEe AAl R A8 A2 ofuzhA stEdle] ]

4000000
3500000
3000000 =
2500000 =
2000000
1500000
1000000

500000 |
0 SN =\

EDRAM Nno M25% [150% B 75%

O 45 goly g5 o2 e Ay AT A A7E (SPM 317)

1 T H 4::1 W
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9 A0S YA H 02 B OJSr| 7t o] ek ol 1913 SPME AFg5HE Hlol el
% 1Ak MM AR NPU Aol G T4 9L RolekT o] whzole

7% 452 Holel &S the Hskslt ox ) Mme) W2 A9
izt b4 1% B Tz SPME AH85] 9k vlelE AEE 57 ke
S73el M9 AE Lhehiich. The 4 A9 B T I SPME AHg ok B304
glol8 =50l 0%, 25%, 50%, 1211 75% o s wj o] 235 HojErt. A4 2
T vjole] g5o] SPME AL BOIA A5 G4 719 Holx] g Ros
vehge.

Hlole] §F50] NPU 4% Mol 2 580l 517 gk o fi= DRAM dlo]e]

l

719] 247k NPU 5ol A4 02 Qag 54 97] tholth. NPUZ} AFg 8
dlol el T4 SPME E5] 71427 ¥4, NPUZ} SPMo] Hlole] 242 @ uf o
35| o] g o]m] SPMe] Lejw]| x| = o] GlolA] Hlo]H AEO & QI NPU A
@40] o 7|7} 27 ek, S1AT @ = 7] DRAM o] 2717} Hloje] g%

o

1—

il

5
ZH2:5)7) U)o 9.2 3 DRAM P02 Q19 54 U] 458 274 29 4 9]
Aeleka o,

filo
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Chapter 5

HE] NPU A|AH]

w5 Z7161 1L 91k SHAIEE NPU S04 o2l 78] $-8-2 slite] FojolA] 714:a1]
+ A ¢t o] & wAF AR A o7 A AT - vlaaFQl e T Sl
2712 Q) 27 450l gaakl Het. tabd, of 2] $82 BAlo] 53T 5 9
+ YE NPU A 2"lo] gto g F g o] 11 HE] NPUA o] a4 Ahd ] &g
T aofd Aol ot

2 e oA 7]E] & NPU Fojz F2F5Hd NPU Al AHS o2 79| NPU
Fol2 TAH W NPU A 2510 2 el 1 W NPU A2 =04 9. 3 )
Aol Aol mAE e AuErh HH 49 LS H R AT F2E 7HAH
Q21  SRAMO 2 AT x| & W2 2] (Scratchpad Memory, SPM)7} AF-&-=It},
s}l W] NPU A 2512 At 167]2] NPU T2012 2| gato] 2] 167}2] SPM =1

@

g

=

1o

g o
oz
rid

-

BN

mlm

AN

rlr

u

51 YA EEZ2ZXZ] (Bus Topology)

NPU A|AHEI O] AR AL E| T Q)= AMBA AXI4 AL 7| EA 0 2 A 712 E
ZZ2 A& Y32 9ok A HA = Shared Address Shared Data (SASD) = o] 2] AXI4
A} E7} Read / Write 54 27} glo]g] Ade 5 24 stel At shto)
uAEZF A E S ARRSHE HHE REAE S B O 7] AEI7E E 7] gzl Al 7HA] B

N o i ]
A E-1H &
| T ol T
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Z2 2] F 71 Adso] oAt & WA= Multiple Address Multiple Data (MAMD)
E of2] AXI4 np2E 7} of 2] 7)) 9] Read / Write 54 Z'd ¥} gl o] ] Aj'd-2 AH-g-3trt.
RE vhAEE Al A9 Sur A2 he Sdlolnet SAo] AR Aol
o] 15al7] tRo] 7P £ A5g wolA Wa 2 okt k=gl o] 47}
SASDHE} X wolx]A| Fct. npx|2he Shared Address Multiple Data (SAMD)E
o 2] AXI4 utAE| 7} Read / Write =4 22 F-F-SHATF Hlo]8 AE2 o8] W&
A}g3}. SASDSF MAMDS] %71 B .0 2 5 4 g)e}.
MAMD 7|5t & ghEo]X] HE| NPU AJAHL2 npAE REdt S olH HE9]
A7 o] wet A 2E9] A3 Ba 2 Sk ShEgo] §re] D717 e A 8
CAE S, Z A 7He S 491 167119] NPU2L 167]1©] SPM ¥l 2.7} WL H g
A (Fully Connected)-2 0] F+= 16X16 A2 AH} 2= ZF NPUZF A 2 tHE 1671 9]
SPM ® =of| 7+ §lo] FAloll F 7Hssh7] el the ofwet HA Rt 2 4
= B 4 Qv ShA|T nbE B4 st=glo] o] Hashy] wiZof AlA' o
Q%= LUT (Look Up Table), Register, Mux 52| StEo] G4l 4 E3ot wolz]
7 ik, dhelo] $4) A /s SPM HAL0] S0 AoFE 3 AL 45 AL
okl B 23 SFE o] 110 471 el ek, shAIuk SPM W04 9] A 7
ghol WvslA Al 2 517] el A% o1k Mat 4 gick HlolE 5.1 FPGA

(Field Programmable Gate Array) A 4| <1 Vivado [18]& ©]-85}0] AXI4 A2 AHE

SIS 1 R Shi Sheglel §1e] £& HolZt 167]e] NPUZF Bsto]
AHgoH SPM A9 57t FAT4E BRY SEo] U9 47t 37 Fashs
2e 2 % g

Ho] & 5.1: £e[o] B BE o] IE AXI4 2 AHFS] VIVADO & 9t 21t
Crossbar LUTs Registers Muxes
16X16 Crossbar | 10,737 3,841 2,574
16X12 Crossbar | 7,470 3,182 2,583
16X8 Crossbar 5,730 2,510 1,849
16X4 Crossbar 3,486 1,838 1,102
-":l'\-\._-i '-I.- 1 IE -
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I 5.1 A EZZ R mhE o I vite] H XA A7 g}

19 5.1 SPM S F-45t0] ALESHE o] [A] AlBE o] 4 Aol 2] o]
T Qg ) HolZth A0] S0l 15 NPUSHSPM H20] 42 A|5ts)
of g ATt 9] vhr) 2T 4719 NPU 52017} 87H0] SPM W19}
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Ao webA] 2ol AAIRE oF 4 %ol A 21 %2

é
r:
2
o
il
o
o|N
N
_O|L .
8
o
El _4
l>
rum
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PU NPU NPU NPU NPU NPU NPL NPU NPU NPU NPU NPU NPU
I imul: simulator || Simulator || simulator || simulator || simulator || Simulator || simulator || simulator || Simulator || sim imul

K12 ¢ ¢ g g ¢ g ¢

e

Memory Module

¢

Bridge

DRAM Simulator

19 5.2:4X4 A2 AnEE LA E HE] NPU A AH] A|-E8| 0] H

il

NPUL 59 J1§9] BE SPM 0] 2 /Hs5te] o2 18] SPM At H e
2= Qitt. 16X16 A2 AHME o2 5, 17]19] 159 16712 NPUL} 167]]2] SPM B
£ 9gsto] THY 5 k. WeF SEFo] f1 59 AoF B BE NPUZL RE

SPM e 2% B as} gIehd, 18 520} o] T A JHsstek 4749
28 7HA|H 7} 182 4X4 A2 AHLE B3 47) 0] NPUSH 470 0] SPM ¥ =7} A

I

QA A2 The 150 48 NPU o5 SPM # 324] 7o) WAys}]
oron] e 2Yjstet 4 gtk Eok AjH o Ao 0] mEER JAEL 4X4
Az AukE AFg67] R AA) sEgo] §ulo] S& £ 4 gtk Hlo] 52k
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Abstract

Analysis of the Effect of Off-chip
Memory Access on the Performance of
an NPU System

Lee Keonjoo

Department of Computer Science and Engineering
College of Engineering

The Graduate School

Seoul National University

Numerous CNN accelerators, called neural processing units (NPUs), have been pro-
posed and developed recently to accelerate CNN computation with a customized chip.
To minimize the DRAM access volume, NPUs commonly have a large on-chip memory
and try to reuse the fetched data from the off-chip DRAM maximally. While extensive
researches have been conducted to minimize the effect of off-chip DRAM access on
the performance in the NPU design, little attention is paid to the detailed analysis of
the DRAM access overhead and the use of memory hierarchy to minimize the off-chip
DRAM access overhead. In this paper, I analyze the effects of DRAM access latency
and the use of a large SRAM on the NPU performance based on a cycle-accurate sys-
tem simulation environment. A cycle-accurate system simulation environment is built
that consists of an NPU simulator, a Ramulator for DRAM simulation, a custom SRAM
simulator based on CACTI, and the AMBA AXI4 TLM 2.0 simulator. Through extensive
simulations with various CNN models, it is shown that using the SRAM as an SPM is
more effective than using it as a cache. For the NPU simulator used for experiments, as

an example, adding an SPM could reduce the memory access overhez}d-,by about 70.7%
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in ResNet50 and improve the end-to-end performance by 26.5%. Finally, I extended the
existing NPU system to a multi-NPU system that makes multiple NPUs shares the SPM
and enables Design Space Exploration (DSE) through system setting under various con-

ditions.

Keywords : NPU performance, DRAM access latency, Scratchpad memory, Multi NPU
system

Student Number : 2020-23938
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