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Engine)(320)& X3t & ok, & AAdolN, 23 AR (310)2 1GHzE F&8= 32x32 A2E5Y ujd
(systolic array) RE(313)2 FA4E 4 o, &4 B3 (Property Buffer) EE(311)S 3] IJAX)E &

aL, 7keA gy 2E(312)S E8
P Ae F3E 5 Q.

A" NS o 32x32 A5 wd ZEG13)S 538 Xx

o AA oA, A MF(320) 16719 SIMD ZolS=2 T SIMD Fo] RE(324)S X8 4 9o, Wy

2 ZEFx BE(32]) @ X ZEdx 2E(322)S E3] 1= doEH(A)E 91, Hx o EE(323)S
3 yAE ¢lo] SIMD Zo] EE(324)04 AxX daks F=3e 4= 3t}

2 odtgol] wE GN 71 ZX(100)E A7]19 2 FxoA 8242 A4S 9ste] I3 mEIA(X)E B3
gk 5 7ZHzbo]l BE wEYAE FaHoR AP 4 gk, oy, 3 B wEYxE A yrith 44 EE
24 MEdAN)E wHEHow odd 4 vk, N 7H5 ZFX(100)E dld WS S AMA7 AZsof sk

2l AIE9l A7](working set size)E Y & Ui, HFE(hit ratio)d T7/MAA & 5 F4& AT +
ATk, T3, GON 7FE: #x(100)= w1 wrEnic; glY 23 (tile morphing) S F7F Z&sto2x HeEx gAYy
o] g% A& F e HH 2T AHS wEA S 5 o] FEHoR e AP A aiE

Al Atk

H

[y
=

of

4

A, GONOlA] oo o] F=E(inference)S t2 48k 13 Zo] ¥d=E 4 .

in

&4 1]

XD = g(4-x© . w®)

¥z wjEg Ao, A £ (CSC(Compressed Sparse Column) A9 ZdwE 1

&
ol , W& 7}=x wlE® A(weight matrix)e]il, o¥ HAY < (non-

o171, Xi= g wlolofe]
el 34 Tk A WE

4
E g X0
g~
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[0067]

[0068]

[0070]

[0071]

[0073]

[0075]

[0076]

[0077]

SE S35 10-2548234
linearity function)(dl& £, ReLU)©|t}.
A-x© i X-W .
o} 1 WHEL A (aggregation)o] I & Y, o] MEELS %23 (combination)ol
[e]

o 3

) = [e]

st 4= Ay, |, V9] B UE7](accelerator) £ FAF 239 aH3 A 5 oF 2 SIMD
p

or
o = Tl
FHET A|2EY A (systolic array) &9 #3F sfolB2|= FZ(hybrid architecture)& xJ&slar AT},

T 39 A9, 71EAA sle]lB = GON 7F471(300)°0 sigst 4= dvf. MEl2 L2 X (Vertex Prefetch) BE
(321)2 CSCe] & QU ~ES &3 o]& oA 2] #H X (Edge Prefetch) E&E(322)e] FAst] A7 ARE IA
2] (Feature Reader) 5.E(323)°] Al&g Ak, 2™ ug, vA g EE(323) dAEY A2 (sourc
e)ZHEE wEx I A (vertex feature)E A = Jdub. 22 WYX (source vertex) 52 l§- dH3E o
A2~ " (randomized access pattern)S Hol7] uwjito] g A& 7|A](set associative cache)ZA FAH
s A9 wlRef(large global memory)7t AREE = QIth. wixlwtom | wE A IHEFo] ALkd + U3t
SIMD o] RE(324)° o3 M4 7HAl(global cache)ol F4=& = Qlvk. 219 v, WEx 5L 23 d
Z1(310)ell oJsf Az = o] T GON #lolole] S} F A (input feature)7} 2 + UT}.

% 45 FZE3E, Nl F &4 T HA 97 (aggregation phase)s HIH3E Ay Wz A} e 4]
HFE(hit ratio)Z A3 23 (a)9} #o]l £F A% HWE X (performance bottleneck)o] WAE 4= Qt}.

=
21e BAE g3tety] flal, MEx gdY (vertex tiling)> IHES Al BE = dE F2 W )
3
=

g

olr

a3 (b)) GONE #lo]e] o thsl 7]E2 wE A glddHS Adgstes FAHo ddS 5+ vk, 8Y 25 TS ¥

gai7) Slal Aew 2ol Bse] =AW & ATHE, b= 2). Ao Al AEW(colored strip) B AXE
o st 4= 9Jar, X 3 ~EH(horizontal strip)E< A== AE A (colored edge) EEZFE FFFH
E IHE AT & vk, M g FEZ DM TolA HExEe] EdEe] wiEE 4 k. 7 Y
el Al d(row) E(HE2E)S @A AM2E 5 ot QoA vk Welxrt gfd UloA AXE 2t 45,
@A dgEE FAHEC] FHE & Advk. 2 EBHY W] A ERI] AN 2HY] wie (& 49 'FY F
), =& AN AFE(hit ratio)e] FAE F vk, 2Eiy, o] A9 Y IH wEY 2z o7 W AA

ok sh= HI&S AT < 3l

= 55 Fxohd, HEYx 8PS oY A5 AFE(hit rate)S Fol=dl madHoARE, ¥ IH wjE
Yo oy W AAA FE ol a7d 4 vk, o]#d 27 A Y| (feature width)7} 2 wole= &
wAZE obd 4= QAIRE, GONO| A§- Wb Slgerh SUFEEE Al v gol] 2 S A 5 Y. = 59 A
$-, 24 YEYA T =Z(social network graph)ol thk welx EldF o] vlme] dAx 3FE YEhd £ Q)
T XF2 [Bylolar, Y& wike] Axe] F(volume)oll s|FE 4= Stk 64x64 EFAECNA F7h8te ATHE

¢k, =8 I AE0] Uig wo] ojm] A H]

T 6% FFH, E 5049 #FE Jwe R, I &fol e A WEHAE EEZZ X (topology) WA &
(colum)E= s = Q). o]gs 22 2 AlE(working set)e] A7|E ZFole X o=z A1gd + 9l
oy, & Efol=Q X (trade-of f)E WA 4 Ut

a9 (a)e 279 &Efol~E(S, By = 2)ol #e HAH &tolde] S vEd = k. FAH &EEtoldS Tt
ZFupgsg 2 QoA IH vEYre] oz Eoy 279 &Ffol2ES WEY & Utk O™ U, IA
Eoto]d e @A HEAE, QoA AAE, 2 @A FHHEd dal FdE 5 vk, olelg WAL v
= ¥ = <3| (multiple graph traversal)E ¥3al= ¢ BlESAY 4= AX T, GONO A £22 A I

4N F e,

oz HAysly] Y, Wra A A 3 (memory access count)ol WhE 1x} 2

(first-order model)e] =&= 4 Atv}t. vl2& n(x)7F I AES =7] xo &3 gt g oz 71435

W,V HE2E | |El AXE, |F| HEAG FAXHE 2 ByxBy LS #3t HeEx gldgo] w2 A~
&

f
35 Mot vheel 8 29k 2ol EAW 4 vk,
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[0078]

[0079]
[0081]

[0082]

[0083]

[0084]

[0085]
[0087]

[0088]

[0089]

[0090]
[0091]

[0092]
[0094]

[0095]

[0096]

SSS0l 10-2548234

[s<k4 2]
Myr = (By VI + |E]) + m(IVIIF|/By) - |EIIF| + By|VIIF|

7)ol A, A WA & By|VI+|ElE CSC EWo| A g3 W (graph traversal)9 WXEe M2 3= (memory
access count)ell 3@, T WA & m(|VIIFI/By) - [EIIFIE 98 33 NAAE(input feature accesses)

o sFsict. W wjE-A FAl(dense matrix multiplication)oll A, |VIX|V] vfE& A 2 |V|X|F| WEZ

2 gre] Fae [VIIFlOl a9e 5 ATk, 2ey, de 3]4 P (sparse matrix)o|B=2 AH XAl A2z
= F 3 = [EI7F 2 4 vk, v "o ® | |V FlE &9 ¥ AA 25 (output feature accesses)ol 3
3 = .

F719] kA 24|k Zo], m A& (miss rate) 9] WiZNWHSE Byt A A=A o U2 A T
of 7lelg 4= i}, a2y, gl By £ A AL F(output feature access term) |VIIF| B HjEj2
MA| 2 (vertex access term) [VIol H3l&d 4 drt. o]y W =(overhead)= [FI7} 2P Z EZZX
(graph topology)ell Hlal 22 A9 A4 &S F .

g, GONe| A, |Fle gdumtdog Fmod FR7xe W= 7bd 5 7] o o
* eholgo] Bole] Lol gt B AgHE A%, MR

golx e wyem el & vk wHd, 94 &
g Sz 85 Nt heel 8 33 go] BAY 5 Ak
(534 3]

Mgps = Be(IVI + |E]) + m(IVIIFI/Bg) - |EIIF| + [VIIF]

d71e] A 29 AL, A Eetolde A WA ow Y uA A xe] FE BulE =Y AU
apo] & MA A WHE Bl9=(access repetition count)7F 3 WA (LY Z £3]) Fo] EA3TE=E AL = AUt
oy, a2z 3o Fr) v]Ee T AA2~ F(feature access term) [VIIF|ol &3] Zold 4= v}, H
22 EFdg T Hludd o), FY3 o] &Fufol~/ed (S, By = By = B)& 7HHSHA X Eefold e HE A~ Y
PR T 32 4 g 5e) Fo] xdEE ZAA 7 45S e 5 Q.

FUO

[s=et4 5]

F| = |E|/IV]

o

o7l A, [EI/IVI= dukg o= oF 109 WS 2zt it h(average degree)ol a3t [F|7F =9l 7 A

=)
=2
ol7] Wiell, FA &eoldS FTF I Y UL Efol=eIE AT 5 Q.

Sofo] 29| A7)

~

[FI/B:)7F U 2Fow DRAMOIA o %S 3 &-X3}(row activation)”} @A 4= Qlt}. o]y

7] 98, 9 v 25 7t ol U9 At (element)o] Wl do] FAAHoR A%
%q.ﬂ§~%ﬂ,ﬂ 4% & W3 A9 (row buffe r locality)¥} DRAMOIA © 2L gjdZ

9 5 Ak,

o)

g 4 glorn, ol HRE dqA

A5t7] &l Ui Aok st A wEEAHA BEE2A HM 2 34 (topology access count) Bp(|VI+|E|) &
2)
=

g g A, oldd A%, = 69 % ()9 Lol Wux BAY WA Setelde] W AgE >



[0097]

[0098]

[0099]
[0101]

[0102]

[0103]

[0105]

[0106]

[0108]

ATk, A JA3e A7 EEEA D JA wjde] tist g o= o YF W S X ZowA
5] Fold 4 Q.
T3t W Hg 29 (memory cost model)S AFE3le], MM 34=(access count) Mye B9 4=8H4] 63
Lol mdlgE 4= i,

Mgy = Be(BylV| + |E]) + m(|VI|IF|/BeBy) - |E|IF| + By |VI|F|

A719] a6 I A &EEtold ¢ WY eldw el Uubksl(generalization)ol] dEE & drh. oA7]olA, B;
= 10| A7)e] £33 26 P aL, By = 1o]W 4719 48k 30 dFdd = Aot B B 25 &Y AE

o] a71E Fol+=d 7|93t ¥hA | S S (multipliers)2 1= M|~ 3F(graph access term)¥} I3 oA

=
=
2 & (feature access term)o& &= 4 g},

vl gAdH e gAdEY /i (number of tiles)oll W3] wjFo AAst Aol a7F 4= Jrf. I, X
Aol By I E EZZ X (graph topology)® A YH](feature width)ol] wa} datd 4 gt} o= A%

A3} (performance optimization)ol]l oS AT &= Jom, I Lol A AL&ee= Fole A
7} A&EE 5 .

3

i

SasE, A Gefelde TAZot o W £EIL 4 237k A FAH o Wmeo] o4 s
(o))}

= e F83 S48 M F JdH(=E 69 ¥ (bolA, @-B). B Uy wE AF B 2 iy
|35t gfddo] gl AEolA AlFste] AL 479 22} HHE(on-line iterations) o2 A9 Ao EldH
of E=gst = gt}

T 78 xstd, B Ay w2 AF vy B dae 27K dAR FE 5 k. A 2 DA (Coarse
Morphmg)oﬂf\i‘: Ag Alzko] Eld ] o #E BE 4 (convex function)BFi 7FAS T o] 7AaE
7HA Bt e AN4E F ul=2 5 4 Aok, Au 23 @A (Fine Morphing)+= A% 23 w@Al9] FHAJe £ (=
79 A 4x4)olM AAAE F Aok, FFE(hit rate)o] JPE $e SM(E 79 A Y9FoA 8% e

T’T?___

2k 59 42 2E#(vertical strip)o] A%l T4 wrix] wtoz ¢ =
TOR(E 79 AF SEFAA 4F W) Hool i wrA - F
o] A7|(search space size)E °]7] 18] BdEE gt A7|E 2= GAH S

o] =7 ~2EHER Aoz Hu BHLS 1D B FA (1D partitioning proble)® &Aoo 2 WHI

=)
T EE Sdl 99 Bt A7l (mit tile size)E Aostar 7 A REHO] ol MY 22 v
:‘,:

=
ol ofy e S

-

=
=
=
=
i
o~

o]
AR

>

AU GRS =
it

f

Axe 4 9ok, AAR 39 53U d9 Al (global cache)ol $HESHA 2= B AV|E AdgE
ATE. 7| A= EEZAE 64x64 @9 EFURE v g Joy, WrEA oo A HA S EEolt).
oko] A9 Hdl 64 F-v8] (unit-width) & ZE 2EfEo] AT 4 glon, o] ~EH] Uu|E A%
o] 1KB wRte] HW R 7} AEE 5 ).

uf
2
o
ol
o
rr

AR, AF B e AH HXM(static best)ell 7MhE EFAHAE AT F dvk. 2Ed, dF A W
A ¥x &elolxi: 2pAo] Bl ¥ (sub-optimal tiling) 02 AdE 5= v}, Byl 29 o]#d emsl=s wh

=)
=
2o o 4a® 5 drh. e, Bt 08 o] ewslssl ARt duHeR AAA © ¥e BE HEs)
]

o
W, GON 29 e v A34E g8 4 9. B FAH o2, 'Baseline' 2 E}IHO|Y &

5 &5 %1\1:} '"VT only u]Eﬂ/\ E]_o]a]oﬂ 3]]1;}1‘51— z,: o]r/},' 7]_7‘,:_ 7]__/_:‘:
2 Q&) vgx gdy 9w x4 012 g~ )4 (degree-aware vertex caching)S AF&3l= EnGN
I g 719k F92(column-based product), &2 By 2 Uz S ALE3tE AB-GING 7<) AMgE 4
ATt 3t HluE 9 EE baselinesol sl A3 Aol 3 X2 (on-chip memory)el AAF A
(computation unit)7} A&= < 9t}. 'FS only':= A £gfo]do] dxow AlgEHE AL Y,
FSHVT' = A &efo]d 7 e~ gdgo] g/ AMEHE AL Yebdnt. thdst Beel Byoll dis] A3 o] 43
2 ¢ doem, o F HA gEo] vl A AREE 4 k. mp Yo R 'FSHI(ATD) '+ A EFY 23

OH
ol
o
jas)

ull
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[0109]

[0110]

[0111]

[0113]

[0114]

[0116]

[0117]

[0119]

[0120]

S=50 10-2548234

Eld " /&ete] ol §lE baseline® vluwgh A¥, 33 &Eto]dut A8 713t Hif (geometric mean)ol Al
16MB 7AA1ol thal 18.9%0] £k S A5 5 vk, wEs By dhaEs v vEHS dAaTE )
HAFEY ol5S A5ty Wi < 858 5 . IH &gl WY gdd
eline®t} 713} HollA 40.1%2] Hojd £

1A A EEol s TR o® AMESHE A9 11.1%, FSHT

eI
B
s
2,
(m
{0
1
N o
N

g Apol7k EAE = vk, A, AB-GINS BE HE A5
5 = A

& W
(spilling)ol thgt M=ol mEgle] Agd
914 M (feature array)o] o}y o
ek, g, s gAY fA B4 wjdel g wE g5} FhE
3

ATt

4

Bp 271 Aoz <l

Fevte AL F5S FAIF Jrk. ey, FSHVIE, FSYE e ViThe =

A 2] AES A7le] =@ g 7] "ol 44 f wE S S 24E

F ok, VI 2 VI+FSe] M2 & stehe o

doll B 7o MM ES ditder vago] tF A AES] A7l @ et

Y (b Hage] AFon WkEE WAL Agett W AMs N5 w2 AnE i,
Azg vehdch, wes

)
B ARS8 A AAsel FrhE wkE Sigvh vlag sheto R QI o5 AHsta AdHe
= ool aed A o ’ e EZ2 2 volEd F7}y
7] WEol wag spehe Aol A

o
2
= 115 F=Eshd, BF 2 BVol uigh FSHVT W2 e] RIZF=E yehdis, Bgx gde Jis BiE 24k Zel

=
oH =S mE F vk, AWt o® BE Vhed Hughe® xAsk= Zlo] HAe AaE AT 5 vk B
s

= 89 FSHVT(ATID = AHg Bt Bgo] HAd| 7Phe edds Aeoz 3
= WS AT g u. 718k Ht(geometric mean)oll A 7] P WHE b ApAle]

performance) 2.2 <13t QW =E F3lsle] FHog HMely HX A

off of

S FESIY, Pokec HlolE A} A Brd B b o AAAES vERE g gloh. AS dl WMo whad
AR 2 dAeln, HAHOR By = 194 By = 1602 o]F3WA Aol tf v By = 8olA <HAE 4

Slth. o] Aol AEE oln] Ho] JbEa By = 114 Aol gof UF e omslsst wAsE A

A 5 ek, AR 2P wAelN HFEe] A4 e 3 wA 9 o Rdskn 45| Mg we whAy
T ode WEgd & v

7% 10004, 9A etelde] Sk Bl wel etk o] BEd & Ak, oZe WA Wut ga
9 GONe] o] F golofo] Hig EAIY £ ATk, = 9= SA Uulo] o WPES et 33 Qult 16
om Wolw WHA BARY e S @ao] 782 Wold & vk, ey, 418 JE Agind 4ol
95531 dlolofe] A8 A7H(execution time) WEFHOoR A Lol m#sly] Wl A GCNol mA
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s==4

Zefol

Fol 13

S

at7] 9]

< N8

)

NI

Ho

GCN 7F:719) 744

o]
i

] =

[0122]

=

o

el

5

= W9 elA &

o)
=)

ooy Yol

[0124]

™
el
ox
&

ol
o

el
ojn
R
¢+
N
w
et
K

A

2ol 7

ey
=

>~
=

P59 49
514

100: GCN 7}

110:

[0126]

5
fron
Nd

7]
4 W mE

300: GCN 7}

312: 7}l €Y XE

Es
=

311:

J

e

A

320:

M
B
A

o
<

313: A

il
™

EEEE

N

322:

SRR

A4 gy 2E

321: vBjEl~

324: SIMD =

- 110

I

<0

oA &z2t0|

323:
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EH2
2 A =2 4 = 5210
$
3|2 7HEA 2E HEE A =4 [~ 5220
$
Q3 I DjEglA0| HX =80|A —~— S230

=

BlA JHEX| O DHEEIAC| HEIA EFUZ |~ 5240

H{ElA B O S2t0[A ZHo| A4t =3 [~ 5250
==
EH3
300
310 313 324 320
{ ) ) {
Combination Engine ( ( Aggregation Engine
Systolic array o SIMD Cores
B eee Q
= ©
@ P S:S:E: :S T T L L * Plicflgtih 1322
3111 é‘ e e o %, o s
JEEERE I WSESS
a 4  § )
| Weight Reader |<|— ‘ —lbl Feature Reader PY:;gte;h |,-v 321
A i
t ) $ ; 1
| [ DRAM [ |
X \
312 323
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omn
J
Jm
Qﬂ

ErY
working set
@ © @| for u in row(A)
= @| for v in nbr(u)
(a)
© A X x 3 for i=index(f)
XA [u,i]+=A(u,v)-XD[v,i]
Baseline (no tiling/slicing)
working set
1
k"\@ﬁ E @ @ |for b, tn T, |T] = B2
@ ' @)| for u in row(b;)
by QF----- A------ X|==X =1 3| for v in nbr(u),veb,
I @ for i=index(f)
i XA [u,i]+=A(u,v)-XD)[v,i]
L
Vertex Tiling
Zd5
(GB) Output feature
— = acesses
20 N ® Outptt feature size
Input feature
10 aaesses
0 = - | - | - = m Input feature size
1 2 4 8 16 32 64 128

—e—Total
Number of Vertex Tiles
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s==4

B
H

for v in nbr(u)

= (uJV)'x(l)[V)i]

index(f), feb,
A

X [u, 1]+

for i

@| for u in row(A)

®
@

@ |for by in F, |F| = B,

o1

orking set

5

X

(@)

Feature Slicing

_.|.
o
>
& &g
~
> >
W w x
BFB V..T\W/
Il by 2 -
~ S~ 3
] o \ﬂ ERR TR
|Tb((.A
Fl/\px._‘_.
—_— 2 9O o0 I
.,mn.m.l
e e A 3
e c© = o =
c g =T
o > =
- 3 nl{v\A
4+ O C O
O [ o Y4
[N
< o Y4
o Y
[
CRORORCH®)

T 1%

Feature Slicing + Vertex Tiling

B
H

T 1T 1 11 11 T
b b d = bl e b e 1
R EE 1
Eaat BUE L TR |
L1 1 13 1 1 ]
i bt i e Tl e 1
1 1 T Peaeiyal e
.l“lL_n.uA -u_“.lulu — i LA T
e e el o T TR 1 1 1
[ | 1 1 1
F=r==r=ra=rer-9 i et Sret pal oy [Genl Ren mee
L LI D T B | 1 ll-ll_l-ll-ll-l._.l-ll
B R T T R L T A
1 1 'l 1 1 1 1 1 1 1 1 1 1 1
[ 1 1 1 1 []
1 1 1 I 1 1
1 1 1 1 1 1
—— e b=
1 1 1 1 1 1
1 1 I = 1 ] 1
weds 1 4=~ T headeeaatons
1 1 1 P T P R R o o i
1 1 1 P
b Roptectr radmtead chadhs g it eaic pliar by Bet phes s
1 1 i T R N R
1 1 1 | T T T TR
1 L L L L L L L L L
T 1 T 1
I 1 1 1
1 1 1 ]
1 e il S T
1 I 1 1
1 1 1 1
..... g ----4Z p--d- e -1
i 1 1 1
1 1 1 1
1 o A s, i e bk pet ity
! NP i oy [
1 e e T e
1 | = ] L 1 L L 1
1 ] 1
1 1 i
1 1 1
i e ————— -
2 1 1 1
= 1 ' 1
g £ po-d- g -b--
S 1 1 i
ﬁ I 1 1 1
- -
= 1 1 1
1 1 1
1 1 L
o j=)
L c £
L= V=
5a Fe
S e G
= =

(-)

(+)

Performance:
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k1
N2
(')

e

—
O Ul UT N O Ut Gtk

=

B

o

Speedup (8MB) Speedup (16MB)

k1
N2
©

Speedup
=

e
(=S S SN

(@)

(b)

[ Baseline [] VT only [] FSonly [[] FS+VT [] FS+VT (ATM) [ll AWB-GCN [[] EnGN

2

4

Wiki Pokt_ec Youtube Livejournal Geomean
Wiki | .I Pok;ec Youtube Livejournal Geomean
32 64 128 192 256
=O=VT =0=1S+VT
1
k
s
2 4 8 16 32 64 128
By X By
O VT Feature FS+VT Feature
= m VT Topology FS+VT Topology
% 30
‘é’ 25 Irt-B=r |-t - oo
Z 20 -1 k-1 k== === -
g 15 - |- -1 - -~ - - -~
g 1 -1 |- - Al -
= s e
g o LAWK

8 16 32 64 128
By X By
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Youtube

EH12
2 I e
1= ] T 5 75 G T G N |
= 1 Ldda 11 11
= Em e R Y SR B
(=] Crmn 1 1
= :l'l'!'l'"l".:'l"l
5] CCO_L A oo
‘.'IJO 5 A R 8 LLlJdd 1 11
'he e 1 it
) S| (S A T L
% Morphing TMcrphing *1* Stable :'E-:-q'-:' _ T _:: ::_ I
1 i1 ] |
[F] Ll L.l 1 L 1 1
z 0
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