H|373| st=FEx2(etE EAlstatiE| =28 H193 12 (2012, 4)

Intelligent 3+ W X2] A|2¥| X 2] Fine-Grained SW Off-

loading < 93t A5 4

SQ1 T, [ ETx, o] H &%, o] A Fx, o] Fx, )
A GBI Q717 E e
e-mail : {igheo, yjkim, jylee, jhlee, jwlee} @sor.snu.ac.kr
ypack@snu.ac.kr

o
o[oll
*

Performance Analysis for Fine-Grained SW Offloading in Intelligent

Memory System

Ingoo Heo*, Yongjoo Kim*, Jinyong Lee*, Jihoon Lee*, Jongwon Lee*, Yunheung Pack*

*Dept. of Electrical Engineering and Computer Science, Seoul National University

=3 ot

Flﬂ

x o fr ot 2L e

Al71E “Memory Wall Problem” 7%
TE]E »l‘ﬂr. olggk LAE A3} H 3 W AtellA mry AAY Ades A
8 e Wil A4k Al TEs FUhete]l AlaE HAAY] Aes Y ATIE Al
t}. o] =&AAE o]# 3 Intelligent 3+ M &2 ]iEﬂoﬂ/ﬂ/] SW Off-loading & $13F A%
E1} oA dAFEo] F2 2 W9 Offload = thEd Aol 16H o] =EollA= %

L

1~H

Off-load, Tl A&3]= oJAEe +F2 Off-load 4 adell e EA G 3 Ao A=
9| Offload 9] AIE AAstaL o]E =E3)7] 913 F3X gd Offload A 28 Technology

718 Aol e M= 2 ) gk

2] (CPU)Y| 5ol whet A 5-# ¥ skrh aHA
o]e] WMAS vlaA FA8 merka gle vk, v
o]t} wjFo], CPU ¢} Ml Re 7he] A5AA=E <3
],

o
mlo:%mmj

2 o

Lyl Do & & oL

oy
ﬁﬂﬁ

1. ME < WS o8 sto] vixe] Wil Axko] o] Fof

Aol AFEHE 2 dE4 < Von Neumann ©}
7184 F+x2E5 wa2i ok ©]2E Von Neumann
TEE CPU & 22 A4k A9 DRAM 3 #Z2 7]
of A= FAH S, o F e 744 &
g Faw Qus o sAm CPU o Ao
gol A, ob7lgA o] el o] ool WA
H] 1l 2] %“"] 8] welrbe dFgEo] Tk Wb, v
o] Aee =X it} wEae A4S 32]'4 H 2] o
of Wl FHE7E molA WA HAAQ 7)o &
M R FE ol FaL AIRE T2 Sl jlof

P>
S

o] él—e ._LE__—_"/_HE _rtsgzﬂ- TIH

e 8= g ooy

TN =
N M o of

o!
)

D AU [4].

e @ S50 gu Holtk (1 1) o] wiel] v CPU/Memory performance

A Al &= Intelligent 3 M E 2] A|A~FS o] &3k A
olt}. o] F WAl CPU ¢ WR 7t HAaE A4
of HolElE F3 Wiz ANt WA we HE o
o|H & %3 Aol 7Fsshr] wEol Uﬂ-’—

o
LA -E R DI

At o] wiel HEmtiojel o] trEFe] v ELe

S uelE

Zol mA A WEy HIE T2 e ZRIaHRE
& o]g]3t PIM HH2l9] ol E A A A TS T

jevenpr

100,000

J_;/]_/] La A= o] quﬂ /\]/\EJL/] A= =5 x1o};\]7
+ “Memory Wall Problem” 3] A7} Ho] gk} 10,000

.,a"’.—‘

o] 2] gk Memory Wall Problem = 3] Z43}7] 93+ W

1,000

el

ozt oY 77} 9 F Atk Mg ARAA 8
A e vine 4ae 45e FF A7lE Aol

Proressnr I
10 Processor-Memory

Performance

CPU o) ASAY MRe] oA Az FAG RUL T

Performance Gap

Sl PAEsh W7 g HEE BAAA gk A "
H

1980 1985 1990 1995
Year

_}_‘l\__ s
doll= 3D A 7lES o83 WHRIEe] UFEHIL «
5 o

2000 2005 2010

 —

Frbe] "2 Processing-in-Memory(PIM) [3] &

-29-

% 1 CPU/Memory Performance [1]



H|373| &= 2 x{2|st5| &7

S

=2x x19A 15 (2012, 4)

FEES
gt o=
2o R b
R AA €] 1%%% E} s ? 271wl 7hs
dol7|= ek A NE v R o 4E*ﬂ*1~ ﬂ
s e 34 dddAs wg vaEs Z<l %l

% % E,

rrzi
ol ¢

ollth. VA or vy HAstE I} L=
AAel HAste 34 e 44S 7HA7] wiol
oo miZel wEeE wirel FA ZEHW':«]
e 71E9 ZRAME Hel "old o ol gl

Ao} w3k A A|AE A 1A S CPU o] &

Ak g Wwel gel F719el CPU B F1e
A Ztﬂoﬂ/q =z 4 )3

= AL ngy g f

] E}\)\Aq—

" normal data path |

1% 2 Active Memory Unit [5]

ol =Hstr] flal [5]9F &2 HaA A2 w9
o] 7lewke WEy ZHoA L F e YHEE
Ak olyd A WACdAE TR A
Al e EHE‘E‘O el oA sty B 3
w3t Scalar 1 ]H— SIMD A4t} o] Eestr] 4
+ FH9 7]e9S Offload A7tk & ©9](Coarse-

Grained)Z Off-load 3t WAl Bl Aed A
o]5o] Attal E F AR o HolA F 7pA| A
A 7T A= 7)E A2 Tﬂ slol A
o] 7heetth. A Awet up 9l%o], V&L HIF
B Al~HooE= 7B og 3459 CPU 7} EA4) 3
t}. o]# 3t Asto|A CPU & HRE A7F &-831%
2 A2 wry &% A VeSS AlSsitte A

& g A s delrh mEkA 71&4 CPU & 4
= FESUALE dre H A vlse Sds &
7 o sk 2le] whebA st HMHE Tt o
H pRelA e FAelth wixE e B CPU o ©¥
=% Al=go] vlekaitt. wiiel 2o oy LA A
A 7 = Logic 55 v AHMshe A2 2 wA
S orshA o Qlvh wieAle] S ddel S

Ui A8 AN SUkshL sdERe B R,

tio

= 22 @9 (Fine-Grained)2] 7|54t

S :
= ©]2]¢ Fine-Grained Off-load & |
SW A5 3 7_?_?} EAS ‘:}"f‘:} 7)== WA
ned Off-load & 3$d AI+=
7 B oﬂ?ﬁoﬂﬁ—b— 7}% zo Offload G oAl E

ol A9 off-load & E 3T} o] 5 913l Intelligent
Wil Al bt 239 ALU dite] 7hsdh
Aoz ettt oleg 7F4  dfoll  Histogram,
Breadth-First-Search (BFS), Needleman-Wunsch(NW)<} 2
< HASRA dEe HES she ZRIPEEY
Kernel 914 9] 5 &S A st &g, o2 g o
AL FF off-load o FHAE A A5t MAAHE W

A A= A EH.

et ot

2. Intelligent M 22| A[AB|of Metst T2

o] el A= Intelligent g+ W& 2] A]2~gle] 2 3hsh
2o disiA =stEE gl M AGElA
L AFglxe] 7[EAHoR oy wEE AJA~E U
Fo] Ak A vEHE & &85 HsiAe A
T 7R AR FE3 o 6}-]’4—

A HAE g e AAVE AdTFo=EHN
AA ¥i= W= Latency 2 #HAolth thA] w3l d
ol & wlEgd atstal olF WA H= d A=
Alrol AASA sk AHeolth ol#HA FolE
Latency & Z &8 F e S8 2= &
g5 o] wiWsta v ARl WY HES F
st ZeIOE0] Utk o]Yy3 ZTERIPSS 7S
9] CPU ©| A 2] Cache Miss Rate 7} 93] =7] Wi
of CPU 7} HlE oA dlolelE Fojo} AAbsA 22
= A5 Aol Wi ymo 13k o] Az 459
dlo] o So] A= Hwre HL el 7]9lstr]
woll HA3} st Ax F2 o] ol wEE U
Fof AibAE TEHE AYdstA 2 AS o] 7leEs
5 Bl A FA WRma Hs
g Ad T 31‘:]’

E] W +-2] Datapath % T4
T AT S dgFon. o& 01%5‘“
]

rp

=1

toly ‘)F HEAd (DLP Data Level Parallehsm)
Y oo AgEx gt odd dA4ES FE
SIMD 2o AikAe]7d 7he gk "HE vy ojy v}t
I &5l F5 o] FAALh

oo dAeMe F2 A HA FHA Wy
Latency ¢} #d¥ 82 EH qoz gt A Eo A

AFgscol, wLe] wiitol paddd s3] Avt 7S
ghe JHgohd, TLP U 2 559 DLP & A#dt=
2 O] T,

= o
i
Ny
a“é
4n
(o]

E]- HAFEHog ¢ FJ‘C Histogram, BFS, NW

2 3FSlt). Histogram = 9] ¢#7 2=
Il & 54 Wl OHr)r@}t bin ©]| —HrTEré}
et b1n4 = ¢l o] el 1 & dst
st AAko] histogram 744 2] kernel ©]
&k gAY GAl 1 2 ufg- ghekgk d4tol

loﬁ

_Llﬂrer%m\m ot
e O flow
j‘@‘wiﬂz

©

|

(O}

o
1



HM|372| st=aMEX2|sts| EAlEs

22 vrg & o
bin & N7t B&
-FILZ-]O]UE_ uﬂ ﬂ
RE Aot}
BFS = ZEH 9] Z} Node 59| cost & A=
8] ot} Cost & AAtst= erxqoﬂ’ﬂ
OH AZAE TE Node 52 ¢o]9fof 3
4 A717F Wl & A5 ol#A thE Node
01 = BAHE Wi v wE2e] HE
dAch wabA 7122 CPU oA oS 33
Cache Miss Rate E "}DLO] ) o] i
HI A4 w2 %
E] 20 2 off-load %

G I IFe B R P i el =Bl
|52 A " A v

.
7
= Qe mge wol W S

o
X=X
gl

>
™
é He
¢}
1

O o o mr ¢ N
m[o )

e )

3 7kA] &-&ell

TI‘H }\] 2~ Eﬂ o
Processor 3.3GHz
©] Memory Latency &=

DR3 ™|X.2]2} Intel Sandy Bridge
'S 7S o] Al "ol A

& 13 2 (6]
3 1 Cache Miss Penalty

Yald A AsA. 7129
D
A

L1 Cache Miss Penalty

L2 Cache Miss Penalty 245 cycles

3 M9 R Kemel ZEES FA5te] 2t
ol AL, o] ZE=ES ARM Development Suite & ©|

43l ARM ISA 2 W 3k3}9lt). Sandy Bridge 9 7
x86 =& amd64 ISA = o| &3 x|t o] HS HE
ALk A 2=EH A4S FEskeE Aol HA 27] o
ol Z= 7hEA S Eske] ARM ISA & 735k
o} SHA|NE 2 o2 Aske] V]ee FYUEY] wi
of A Al dojAe] xtoldS gt

HEel el = A%k Al ghdel ALU
A} Shift, wAo 7Me3d Ao=m MAASa
DRAM WF-oA wEegE HLd 45
o] 74ﬂ“ /\]Zl' 10 ns = *47(40]-0313} 3.3 GHz =
MAe] 79 33 cycle ol 3llFgHc}. Off-load € code &
go] 3 yWHolrb Fy = u A= A 66
cycle 2 A3} a1 1 o] %o WHoEL o] Latency
o= HxE= gyo] 2A9] Latency W& A &3t A
o7 39k

a9 32 BFS 9] Off-load
HFeZ B for ¥ <ol = =
Al WMry HIE ge AS ¢ F Ark Edge
A7%¥ Node Number o we} thol 4 <23lA |
ne o] AA=a olo me}t cost 7+ Al
Hroh olefst A oAEY IE F L&
=& vxg Z0F Offload A ZITth Branch
Predicated Execution & ©]&3}o] A sl A

12 cycles

Al o]
A=,
o}

o
=

HU
[

i
Mooy Hr ™

o to, K
o, Ho Hr

3| =2F H193 15 (2012, 4)

sttt o8l Al Held 79 Edge 94 thS Node &

¢lo] & o] WAt 4= 9l& Cache Miss 7F 427+ A
Ast7b A 7] witel s &S AA AE

-
[¢)
# 9k

for(int i=0; i<10; i++) ADD  r1,r13#0x4b0
{ LDR  rL,[ri,rOLSL #2]
int id = h_graph_edges][i]; ADD  r2,r13,#0x320
if(th_graph _visited[id]) LDR  r2[r2rLLSL #2]
{ CMP  r2#0
h_cost[id]=h_cost[tid]+1; BME Ox44
h_updating_graph_mask[id]=true; ADD r2,r13,#0x190
} LDR  r2,[r2rl4,LSL #2]
} ADD  r3,r13#0x190
ADD r2,r2#1

STR
STR

1% 3 Breadth First Search oA

r2,[r3,rLLSL #2]
r12,[r13,rLLSL #2]

7HgE A7 skl A 3 7FA ZE e sl A
Intelligent 3+ ™R 2] A|28ES AREHS wWol e 3
AE S48 719 CPU-Memory Al =¥l-& ©]-&
s A9 Ao ;AL Cache Miss Rate 7} H L 9
©] Cache Miss Rate = [7]9] L2 Miss Rate & 3313}
t}. o] Rate & 7|2 Miss 7} & Wl 245 cycle 2] v
23] Latency & A-&3F ) HHI= L1 oA hit 7} %
< W] Latency & 4 & #8331t} Histogram ] 7
$- 4% Miss Rate 7} $117] wlioll 40%S 483}
%tk Bin ] 7|7} w9 2 49 Miss Rate = 01 A

wnrh o dwa 4 ok 7]E opr|EA ]
Intelligent ¥ &) A|A~gle] A5 P2 a9 49
Ak
Speeup vs Conventional
Architecture
25
2
15
1 -
05
O -
Histogram BFS NW
I¥ 4 T v

NW ¢} o] w|Eg 04401 o gs5E A
o] Zo] It} Off-load
A4 (Load)e] M= 242t 1, 3,
NW 7h ol & Uﬂ_mj/l«l Latency 9] Oﬂ‘ﬂi% 7h%

E]’. u:—‘?l' Aﬂ pnfan|
21,41.2%i ﬁl*&ﬂ“btﬂ Miss Rate 7} 7Hg =2 NW
7F GAl A ol T Ak ol EAE BW
A ol gld whe} o] W= fﬂ At o] vl A+t
Z o]0} A Cache Miss Rate 7} = 7Z$-7} o] 50| 714
Z RS & 5 U

SHARE olgfj A A= sl ZAEE AH

1

(O8]

—_
1



HI373| BHE erjalats| EAet

=03

==& H192 12 (2012, 4)

3}a1 Qlt}. Histogram ¢] 7% Offload 8+ 3o m=
A717F 74 &L?}Etﬂ, ol W 7k ol5o] AUt} o
= Ae WEY 89 AA 7lss AlEEH] 9IEl
He3 %7]8o] =i 66 cycle o At} Off-loa &=
Feo] A77F o= A® 2 BFS Y NW 9 Aol
F5o wxe] Ak sl HomA O*O%Xl” o] =

o] o] 66cycle ¢ eHF=E XA = AU 8
A9t Histogram 2] 749 183 A4 a3= A717}
Pk wekA, $2e 27 9 58 £59 Oofft
load 7} %1__8_’3]—\:]—}1_; ARS dS 2 o]e HE‘H

PN
T
e A9 AJRAEY o F949d Flne Grained
Off-load Rue FX ¥ 4259] Fine-Grained Off-
load ol %3 Q7 &

oA R el dik HerlE 23
5t Intelligent Wl&Eg] A]®lo| A FE=Z off-load 3}
o“j\é]o e el disl] dol Btk fEle VE
< BAdE vgE2A P 2 @919 off-load
AME7 459 Fine-Grained Off-load & E3F A
Bkt Nw &F o] njAtA w2
o 2%k Cache Miss Rate 7} ¥ 31 Off-load
F=eo A7|7F & 4F-o+= Kernel oA 2
FEEs B 7 U AR
Histogram ¥} 7+©] Cache Miss Rate 7} =T 2% off-
load 3} F=9 77} Fe ASo|= A% dRALY]
A717F AA S & T ]Oi‘jr

F2l= oyt oJAER 9 Fine-Grained Off-
load o] sHAIE =&317] 40}04 < U i“ﬁ T
F3X gl 4=F9] Fine-Grained Off-load & w|gf] A
2 g Aol mﬂmdg*?ﬁﬁii54<ﬂﬂﬂ
AR we} & F A= o]50] v A AR 7
g ®oh ok ol d HAHAAE WEE FHeo A
st AAF A7) B Ee 2 FEoE AE i
A& g dojof g

w3 dJA AFPA THHE A 2Ee] g R
o] Fx7} 2D o|A Wk o= 3D HA 7)%&o] Hxb
sl 3D DRAM 325 &835ke] el
Ao A FE7F g5 #wed AR JigiEd. &
3] o€ 3D DRAM = AH&3 79 Logic ol AF&-¥]
die U?Pi HAd A7 Wizl 71E Ho o
12 Logic & P Adsle] 7kt o] HEAYE o
g8t A= 7} sttt o] JAl o mPgAT=
“OExMMJMEﬂ7]Ol%3DDmm1ﬂH
ATE Jdgste s shT

M,
o

sl

o o
oy

=

=
T

=

=

o > b 52 rfr

FE Off-load o] 3t

ACKNOWLEDGEMENT

o] w=H-& 2011 d% AR (w337 Ay
ox gxadtAge] 7 AT EAYNo. 2011-

0018609)i} o A B W) Sk Rot 1 R = = RN [ Y|
B 44149 Agow $a5A0S NI 2012-
0000470)

[3]

32 -

ZnEs
J.L.Hennessy, D.A. Patterson, Computer Architecutre :
A Quantative Approach, Morgan Kaufmann Publishers
UXKang, et al., “8 Gb 3-D DDR3 DRAM Using
Through-Silicon-Via Technology”, JSSC, vol.45, no. 1,
pp. 111-119, 2010.
Kogge, Peter M., Jay B. Brockman, Thomas Sterling,
and Guang Gao, "Processing-In-Memory: Chips to
Petaflops," Workshop on Intelligent RAM, International
Symposium on Computer Architecture, Denver, CO,
June 1, 1997
Jeff Draper, Jacqueline Chame, Mary Hall, Craig Steele,
Tim Barrett, Jeff LaCoss, John Granacki, Jaewook Shin,
Chun Chen, Chang Woo Kang, Thn Kim, and Gokhan
Daglikoca. 2002. The architecture of the DIVA
processing-in-memory chip. In Proceedings of the 16th
international conference on Supercomputing (ICS '02)
Zhen Fang, Lixin Zhang, John B. Carter, Ali Ibrahim,
and Michael A. Parker. 2007. Active memory
operations. In Proceedings of the 2l1st annual
international conference on Supercomputing (ICS '07).
http://www.7-cpu.com/cpu/SandyBridge.html
Shuai Che; Boyer, M.; Jiayuan Meng; Tarjan, D.;
Sheaffer, J.W.; Sang-Ha Lee; Skadron, K.; , "Rodinia: A
benchmark suite for heterogeneous computing,"
Workload Characterization, 2009. IISWC 2009. IEEE
International Symposium on , vol., no., pp.44-54, 4-6
Oct. 2009





