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FREF A 2=EY WL (systolic array)Eel & slo]HeE|= FZ(hybrid architecture)E MY} Q)

T 39 A9, 71840 stelBE = GON 7F471(300)90 g3t 4= dvh. el L d x| (Vertex Prefetch) BE
(321)2 CSCe] & del~5g ¢fal o5 oA ] #| x| (Edge Prefetch) RE(322)0] FAste AA HEE A
2]t} (Feature Reader) =& (323)°] AFE 4 dof. 28 oS, A Y EE(323)2> dAES A2(sourc
e)Z5E WE 2 9 A (vertex feature) 5% T 5 Arh. 22 WE ~(source vertex) S - W shE o

A2 9¥ (randomized access pattern)S Ho|7] wjio] HEd A 7HA)(set associative cache)ZEA] FAIH
tiors e vlZ2](large global memory)7h ARSE = Qlv}. vwixoto =, WEX A 5o] Aitd 5 glu
SIMD Zo] 25 (324)0] 28] A 7FhA](global cache)ol F&=E &4 Uv}t. 298 gL, HEx g5 =3 <

Z1(310)l o8l H2lEo] tha GN #leleje] 9= 3 X (input feature)”} 2 4 Utt.

T 42 Fxsbd, GNY F ©A = ZA A (aggregation phase)= ¥IH3ZE Ay Ry A~} o FhA
AZE(hit ratio)® <la] 28 (a)9} #o] £ AHs WE A (performance bottleneck)o] WA 4= gith.
o

o213t FAZ <3tetr] Y3, HuA gY# (vertex tiling) S IAES A ©E F dE =& w3
g 5 ot

a9 (b)& GON| #eolo] o dis] 7|9 WEx gdy s st g g 4 vk, 8§ 175 18 3
A7) 98 AU 279 BdSo] EAT & QU= By = 2). A94 ZAe] ~E"(colored strip)E< A=

sier = da, X9 3 ~E#H(horizontal strip)E< wH &=

o el dA (colored edge) EZHFE FF
L 9 H S sdE 4 gl A wppE 23 oA ToA WEASe] gadSe] wHEE = o). 7zt Bl
Wl A & (ron) S (M E~5) S @A olAlzE 5 ek, @olA wet veart Bl uola A 2 4%,
@A dgHE AR 9B 4 Ak 24 B el AAS] QAAET] wEe (= 4] 2] 3
O~

&), w2 WA AT Eit ratio)o] A2 ¢ Ak, 22y, o] F5 FY IA vjEH Xz o] ¥ oA

ok sh= wl g 2 5 Uk,

T 58 Fxa¥, HYx gdge 48 JHEY AFE(hit rate) S Foledl aRAHolxR, &8 IA wjE
go] o] W AN g 3] a7E & vk, olEd a7 FA YH|(feature width)7} 2H& wlol= 2
A7 obd & AR, GINY] A W STt FAEFF A~ vl F 43S v F k. E 59 A
L, 24 YEYA 2 E(social network graph)ell g Ay o] Wz AMx SA54E YEd $ 9l
o XEFS [Bylola, YES W=e] A9 F(volume)dl siFe 4= Ak, 64x64 BIAEANAN F71ee HFE

of ofa A IAEl gk qA= njgo] TS| Ardte FF, = A E ek ghEo] ofn] ofax w]
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[0088]

[0089]
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& Astr] AlFtete] £ el thEd oSS FHAE 5 vk

L 65 FxH, & oA FEE VWMo R, FX &foldS A mMEYEE EEZ X (topology) WAl
(colum)E=Z & = ). olyd F22 22 A E(working set)e FA7]E Fole HHo2 ALgH
o, t}E Edo]=Q ¥ (trade-of
a9 ()& 2709 Egfol2E(S, B = 2)o 3t IA &ato]d ] 8-S vepd = Atk A &EdtoldS 7}
F upgE 22 QA IH wEZ~e] £goa Eitd 279 &Efol~ES Wi & vk 1™ U, 9A
Eoto]d e @A WY 2E, QoA dAE, 28 E

% Y= <3 (multiple graph traversal)E E33dl= A vES4Y 4 YA, GONY g £22 34
A 4 9l

o
=
2~

T A

Hﬁ
il
i)
ox
>
(I
4 @
pass
i)

Edol=exs HY FAFor AWsty] Y3, WEg AAA Zd4(memory access count)o] 3k 12 =d

(first-order model)°o] =& 4 A}, v2S n(x)7F 2 HNEQ =7 xo B3 &4ty g=ZFyoz 7143t

WVl HExE, [El dXE, IF| HY2d IJHE 9 ByxXBy et Eol #3t Hex gz wEe A=
3

€l

h
B M= Threl 8k 29} o] dE Sl
[k 2]

Myr = (BylVI + |E]) + m(IVIIF|/By) - |EIIF| + By|VIIF|

o714, A WA & By|V|+|ElE= CSC EWo|A] g3 "W (graph traversal) WXz HA|2 315=(memory
access count)oll sjgdct. ¥ WA 3 m(|VIIF|/By) - |IEIIFl+= 938 3% dM2~E(input feature accesses)

o sfFst}. = wlEZH 2~ FAl(dense matrix multiplication)olA, [V|x|V] mjE& 2= D |V|X|F| vjEZ

=]

o] Zae [VIIFlel sl 4 Aok, ey, A—E ]2 H(sparse matrix)o]BZ & XA AA Ay

= [EI7F 2 & du. s ez [VIFlE &9 A A4 2=E(output feature accesses)ol 3f

>

ot rir
oh

o
N

9] =8k 204k Fo], wAE(miss rate) o] vV Byt A AAFoEA O U2 A A
o 7ledst = Jdvk. 2y, FAl9 ByeE 8 ¥A AA2~ F(output feature access term) |VIIF| = wgx

M2~ d(vertex access term) |V]ol FH&lZA = A}, o3 2w F=(overhead)+= |F|7} 2T EEZZX

(graph topology)ell W& 22 A9 A4 && 5 9

a3y, GONOl A5, Pl dubdom suox 749 Rejs 7Hd 5 7] wiell, #es eddy 2 v
HAolA g Wer B 5 Sk, W, 9A Seholido] Bl Eetol~Ed A A&He= A, Wi
gl A Sl M Uheo] b 33 Zeo] xdE 5 v

[s=eh4] 3]

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

718 kA 29 frAbebAl, dA EEtold e AR WA o Y vA AAxe e BHlE 29 ¢ Ao
Zpo] e NA2~ WHE B9 (access repetition count)7F 3 WA (12 £3]) o EAgth= AU F ATt
a8y, 2 E =39 F7) v &S ¥ AA|~ F(feature access term) |[VIIF|ol &8 #old 4= v}, vH
2 Byt mlud o), A o SEolA/BA(S, B = By = B)= 74 dA SEtolde HEH A B
R ohge] 34 4 5 59 o] BEH = XA 5 e dUEhd 5 Sl

[4=3+2] 4]
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BIVI+ |E|l + BIVIIFI = B(IV] + |ED) + IVIIF]

[<=eH4) 5]
IFI > |El/IV]

He #(average degree)dl gt [FI7F 9 7 4

= Ay
= A
o U2 EFolEe s AFE 4 .

A7l A, [EI/IVIE der o= oF 109 W
2l

=
o7 miell, vA Eetolde TF £

Zetol2e] AZI(IFI/B)7F vF 2k DRANGIA o] #-2 & &3} (row activation)7} &AE 4= Q). o]¥

st a3E d3lsty] f8, A ME2s 2 Sfolx U9 HE(element)o] WEE o EAHoR A

== ujgE £ ). olE F&, o v Wy XY9AM (row buffe r locality)®} DRAMONA U B o=
|

I3 &Fho]dLe ditgor a§4Qd AMA TS H8 HyYx gBdYgRTt 9 Us & AT, F UHA of =
ols] F 71&S 7 AMgsle Aol FF o T F AR, 3x Efolde Egolxe Hu Me (S
Bpell Astd 4 Ak, Bzt UHF AA Zb EEtol2rt A BRIEG FolA & A WEE tdZo] A FH]
2 4 glor, o WRrY dAx IFE Fole BEHS ASAE & Ak, A4, B mnOS 83 WA #
A5t7] {&l Ui Aok st A wEEAHA BEE2A HM 2 34 (topology access count) Bp(|VI+|E|)E F-A]
s Al |, olgdk A9, = 69 a9 (b9 #o]l WEx APy uH SEhelde] A AEE F
‘31114 2 JAEe Al EE2XA 9 I g g vk o o] Ui W RS FX gFowA
35| Fold F 3

A3 f2y v Zd(memory cost model)S AF&3te], MM~ 314=(access count) Mpy= TS-9] =38k 63}
o] mdgE 5 i,

Mgy = Be(BylV| + |E]) + m(IVIIF|/BeBy) - |EIIF| + By |VIIF|

719 A 62 I A &etold L WY etd" el Uutsl(generalization)ol] 3EE 4 k. 7], Bp
= 10]H A7]9] 484 26 P, By = 1o]W 4719 48k 39 3dd 4 A}, B By 25 & IE
o] IAV|E ZFoled 7]ost= HhH, S-S (multipliers)S ZL#3E M|~ & (graph access term)d I =] N A
2~ & (feature access term) .2 #-&= 4 ),
HE 2 Bdye BldE9 g (number of tiles)ol WFF3l7] wiio] AlA o] 87
29 By 1#E EZZX|(graph topology)$t 33 YH|(feature width)ol wa} dakd 4 gt}. o= A%
Al (performance optimization)ol AHw& AT F Jow I &Efo]d} A ALSIE A% A
7F A &9 4 .
tesl e, I &Efolde ag=xrt oe W £IH 7t FI37F dgs] sde dyoR wEgd Mgt
vl 83 $A4E 7HE F AR 69 a2 (bodA, @-B). I mE XF BY B olE &
= AEolA AlZsle] 42 429 2819 WHE(on-line iterations) o & A2 #HZ <o EldH

it
-
32
i)
H
e

B b

T 78 Fxehd, B 9y w2 A% Bl 2 Aake 27HA] gAR 39 4 ok, AR 23 @A (Coarse
Morphing)oll A<= A& AJgte] o] 7hgrell #3F &5 3<(convex function)@hal 743t Adee] AT of
A E}O‘J NeE F 2 52 F Ao, A 23 DA (Fine Morphing)+ 7131 233 @Ale] HAHY #3 (=
79] A 4x4)ell A MAE 5 Ak, AFE(hit rate)o] 7FF W A (R 79 AS- fFolA QL2Z vk
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wel wEEe) 8 AEd(vertical strip)ol Aol BAT WA wow ¥ wud + Aok olF 4% ¥

& ATE FoR(E 79 A 2LEHAA 4% W) dsol FaT wriA A 7 de] ¥EE v

AM 7] A7 (search space size)E &°|7] 9 BHYEHE g A71E 2= HAMAE B (square til
2~

e)e9 74 2EHYER AggozN Hu 2P 1D & wA(ID partitioning proble)Z a¥Ho=z W=
< Aok, FAE e 49 A9 A7) (unit tile size)E B Z+ F£2 AEY ZolE s e g Y
92 A ¢ odvk. AARE G 'Y AF AMAl(global cache)ol $H3SHAl gt BY V|2 AAE 5
AT, A7) E EZZAE 64x64 &9 B T Yo, WEEA] o]o FAFEA S EEo|Th. H
oto] A9 A 64 @E-P](unit-width)E 2 EfEo] EAFE 4 glon, o] 2EH HnrlE AFst=
tl 1KB mRke] W=7t ARgE 4 Q).

A= S
L

deHew, A g 22 43 HXM(static best)oll 77y EFAE AT = vk 2Ed, 48 AW
A A &Efol 2~ Aol Bl ™ (sub-optimal tiling) o2& A 4 Qrt. Byl AW olejdt ens=E wk

Be o 4a® 5 9. e, Bl 08 o] ewslssl ARl JWHoR AAA U BE BE A5
=

& FEsd, GN F&2o Ao vl 2as sld ¢ vk Bu FAH o=, 'Baseline' 2 BFdH oY &
% & = op7IE A e ¢ k. VT only'= HEX BAR i3 = Ao, V€ AHE
= e~ gdd 9@ A4 01&‘. W e 2~ 77 (degree-aware vertex caching)& A&k EnGN
719k At (column-based product), & ®¥ 3 EFdY W& ARSShE ANB-GONS] 7]=o] AHSE
St HuE f3 Ee basellnesoﬂ EH3H Tt o 23 vEg(on—chip memory)e} AXF X
(computation unit)7b &2 4 Stk 'FS only's= A &#foldo] @HoR ARgH= A& dEhli
FSHT' = A E2te]d 3 e s Brdg o] o ARgs= As Yebdith, Brdeh Best Boll thsl H3o] 3
g ¢ gler, a2 F HAA9 gse]l vl A AREE § Aok Ao R 'FSHVIATD '= A B 2

O,
® e
ol
.o

_?1',

ud)

of

i)

=} Zetoldnt AL231A 713} i (geometric mean) ol A
T AT, HE A BAdPE g E I4 EY A AT} )
A %

=3k = 9t} ¥ &fo| Ay vElxs gy

Ipr

i
o

2
o
ot

i

o

S ¢/ Aget FY ME<Q A77F a&4 o2 Fo]EX baseline® Ul 7|s HfolA 40.1%9] Hold &=
Fge A58 5 Ao aBe o A ANE A8 09X Lol BEoR AgHE A% 11.1%, FSIVT
o] A9 30.6%° &= s vehdlo]l FATE H=d & lnt.

2 o] WS 7]EY e AYES 571 ¢ AT EnNS HE2s BAdYS VWMo R s @ wkE 3l
T2 A% FAE 7H F vk BE, on w2 AFES UsUE & A HE s digh A (captur
e)7F Ui 7] wiiol] A Q12 e el S el wmd JEgFE v 4 k. AB-GINel& 4 7]
Hho] FAA(colum product)S 7|WHO R & ThE dHoly s&o] YEld ¢ Ut 2 dHe] wE Wyt
T 7 Fa% Aoz EAF ¢ ATk AA, AB-GINS EE HE2So] Aje Ao Z E9 vy F5
Ad vk, 2 MBE ZL8E Sk oA WEXTE Fulnk Jigks HE ARkt 1 AvE FAE gl
a, A AsE agze) 371 22 Y (spilling)ol gk el meglo] AgE 4 AUk, =4, AWB-GINS

Nz W EY2E BISAT 1 54L& J A 8] (feature array)©] o}
AAESHE Y 5 ATk, =3, WY s gdF 3 fASH A4 s g
Br ZL7] Algto 2 Q3] e gfd® o] Pokec TlolH AEo ik I]A

gt AL 53 7FA7F ok 2, FS+VT%, FSRF &= VIYte 2 T E7l5s, Ui B2 dEEglo]
AA 29 AES Ao =g 4 Q7] vl EX 9 wE S5 S eA4T 9.

% 10& #ZF3d, 29 (a)© Pokec L ZolA #Hzw BexByoll thdk 7§A] v]X~&(miss rate)S YERATH, 2}
BexByoll ti3l] 7hsst e 2FS A3s A3 HAHY 2ol EEE 4 vk VI 2 VIHFSY mA& st 1
F52 A, b8 mde gk 4] HHELS dubgo R ujago] tEF 1 MES Zro #3k gt
= A5 vEd 5 o
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EH3
300
i 313 324 8
{ ) ) {
Combination Engine ( ( Aggregation Engine
Systolic array o SIMD Cores
B eee &)
S b O o e S e OO0 ] e |
0 - - = Prefetch | [~
3111 é‘ s ¢ %o, ® g
| bt || 8] | EEE
a . Y 4
| Weight Reader |<|— ) —lbl Feature Reader PYsg;teéh |,-v 321
£ ) $ :
/ J
| [ DRAM [ |
& \
312 323
Er4
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/'K@)" E @ @ |for b, tn T, |T] = B2
@ ' @] for u in row(b;)
by QPF----- A------ X|==X=-191 ®| for v in nbr(u),veb;
I @ for i=index(f)
i XA [u,i]+=A(u,v)-XD[v,i]
L
Vertex Tiling
EH5
(GB) Output feature
—e - acesses
20 ﬁ\\_._—o ® Outpt feature size
Input feature
10 aaesses
0 m Input feature size
1 2 4 8 16 32 64 128 ——Total

Number of Vertex Tiles
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