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AV X Acceleration of Sparse Matrix-Vector Multiplication in
Double-Double

Toshiaki Hishinuma™, Akihiro Fuijii™, Teruo Tanaka™ and Hidehiko Hasegawa

As computing performance is improved generation after generation, high precision computation becomes possible in many
situations. One of the efficient methods to perform quadruple precision is to use Double-Double precision which uses two double
precision variables for one quadruple precision variable. In this paper, the authors tuned basic operation kernels of sparse
matrices and vectors in Double-Double precision using AVX, and analyzed their performance.

The AVX speedup ratio of the Double-Double vector operations is from 1.7 to 2.3 when data stored in the cache. The reason of
performance acceleration is number of operations in the same time and elimination of backup and recovery values on registers by
three operands instruction, The AVX performance decreases when data not stored in the cache, because of cache hit ratio and
memory bandwidth. The AVX speedup ratio of the product of Double precision sparse matrix and Double-Double precision
vector is from 1.1 to 1.9. An average number of nonzero elements per row affects to the performance, but a memory bandwidth
does not affect to the performance. The authors define one metric to forecast the AVX performance of the product of sparse

matrix and vector in Double-Double.
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Figure 1 Bit pattern of Double-Double precision number
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Figure 2 Architecture of AVX SIMD register

SSE2 AVX
for(i=0; i<n ; i+=2){ for(i=0; i<n ; i+=4)
= load128(vx[i]) = load256(vx[i])

y = load128(vy][i]) — |y =load256(vyli])

x=mul256(x,a)
X = add256(x,y)
store256(vx[i],x)
1

X =mul128(x,a)
x = add128(x,y)
store128(vx][i],x)
}

B 3 ##EIC =— RIZL D SSE2 5 5 AVX ~D B DOREE
Figure 3 Pseudo C code of SSE2 and AVX
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# 1 EREERE
Table 1 Testing environment

CPU Intel Core i7 2600K 3.4GHz

Intel Sandy Bridge Microarchitecture

Number of core 4

L3 Cache Size 8MB

Memory DDR3-1333 Dual Channel 16GB
Memory bandwidth 21.2GB/s (10.6%x2)

oS Fedora 16

Compiler Intel C/C++ Compiler 12.0.3

Compile-options(AVX) | —O3-xAVX-openmp-—fp-model precise

Compile-options(SSE2) | —O3-xSSE2-openmp-fp-model precise

Tva v, REGIC K VBEISREELRIEISRNTEDIC
"fp-model precise" 47> = > & . SSE2 [HiF D = — RiZ
[X"-XSSE2" AT L a &, AVX (BT D a— RiZiE-xAVX"
FF v a RV,

F7, AVXABIZ X D EREICE (LR e W ER T 572
W, ETOHBICBNT C Y —A=a— LT SSE2 Df R
R ATV, RN OICRD L ERER L.

4. fERIEEARY FIVER

41 RHEETHERY FLEH

AVX Z T 2 R o @l b O 2 R & ek %
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Fl, FHEEOT— R, A N7 EEEEER 21K
Complexity IZiHFE I — X VHNOHFEH TH 5.

K 2 BEAHEE~T VR
Table 2 Double-Double precision vector operations

Name of operation Operation Load | Store | Complexity
axpy y=ax+y 2 1 35
axpyz z=ax+y 2 1 35
Xpay y=x+ay 2 1 35
scale x=ax 1 1 24
dot val=x-y 2 0 35
nrm2 val = ||x|, 1 0 31

42 RO MIVEREDMERE

4 2Ly FMEL7= AVX B D a— R & SSE2 [[i) oo =2 —
FTRZ hvH A AN % 10° TEHE L7 f R 2 =4 1R
7o, FHANIHRAR T 70 [E#R VK L, 155 N7 % BIE Tl
FLT-fEZ W=,
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Figure 4 Performance of vector operations
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Three operands instruction (AVX) Two operands instruction (SSE2)

y=a*x+y y=a¥*x+y
mul(a, x,temp)  //temp=a*x mov(x, temp) //temp ¢ x
add(temp,y,y) //y=temp+y mulftemp,a)  //temp=a*temp

add(y, temp) //y=y+temp

5 3ANRTF U RE2ART L FOEN
Figure 5 Difference between three and two operands
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Figure 6 Performance of "axpy" operation (1 Thread)
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Figure 7 Relative performance of memory access (1 Thread)
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Figure 8 Performance of "axpy" operation (4 Threads)
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Figure 9 AVX speedup ratio (Performance of AVX/SSE2)
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20
18

GFLOPS
S

0 1 2 3 4 5 6 7 8
Vector Size (x10°)

X 10 "dot"®EHE (1 AL v )
Figure 10 Performance of "dot" operation (1 Thread)
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(ZrUFavr sy a )10 b AF L 156 OB &
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ERADI0, ATHHA XNR L0, 11TH72Y 64 @D
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BATHIOREANE A UX, Compressed Row Storage (CRS) 2
[11]THDH. CRS A &L, HFFEERLAE nnz &5 L,
O A X NxN OIEFITH] A OEFEEROEE1T7 ISR
S THAT DR & nnz OFFHEEELS) value, @RL% value 1T
et SV FEFRBEHR DFIFEF 2T 55K S nnz OB
5] index, @HCLA value & index DAAT D BAIANL E % k&9
RS N+1L O ptr 72570 5. K 1112 CRS FERD
T Z L, 1212 CRSTER DGR E D BATHI A L5~
FEARZ FlxppDFEZRT . F4BEHMO FMA ~ 7 1
RIS L bb, SR LN DS La 32 7 < B $T 33flops
Thd. BATHI~7 SO 33*nz & L7,

oo o oY) [of1]s]s]s] ap
21 22 0 0 v ¥
>
0 32 33 0 0|0 1 1 210023 A index
41 0 43 44 11 121|122 | 32| 33|41 |43 | 44 A.value

11 CRS BT — ¥ #iiE
Figure 11 Data structure of CRS format

for(1=0; i<N ; i++){
for( j=A.ptr [value[i]] ; j<A.ptr[i+1] ; j++ )4
ypoli] =A.value[j] * xDD[A index[j]] + ypol[il;
h

——

12 CRS B DBITH| & X7 R LDFE
Figure 12 Product of sparse matrix of CRS format and vector
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f&lpot=. E72, "random"LISDERITHITIE, FHIHEE
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Figure 13  Performance of sparse matrix vector product
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BRI OB\ BATIHNIEEER B KX VWEB A5
7=. "random"iE, “EHFEFTHEEIIFIEFR— D olafu" & L
ASYERESMEL, HEFEROSMBMUREEZRET H2ERTH
5 EEZ BN BATHIORKMERIL CRS B e o Tulfsk
LIZAFRVT 7 RARALERDI20, ZORIKIIGELEENRY
M xppllxtd25F v v a3 X“C&) EEZLND. W
FHIRe7a Y XaLy i a rOEITHIO L S RIEFEEHED
FIFGHEH L TWDEENEZ L &, xppld L3 F v v v

WD KT D, LarL, "random"® X O ARHAMED 220
H O TIEXpp KT BT 7 ANRERITR Y, xppllkf9
DX Y v VAaIARBEELTNEEEZILNS.

4 ALy F‘@%ﬂﬁﬂ?ﬁ%%‘f‘%i:ﬁb\’c SSE2 kb LT AVX
TR L1 E0D 205 7eoT-. Z 2 THEHIEFEEREK
NEWVBATHINZ ermms‘j:%wtﬁm:ﬁ bz,

42y RELALy REHARDE, AVX 3K 27 06
3.7 1%, SSE2 13K 25 5 3.7 ff ke nle. AV F AL v R
feiz HLITEDTHS.
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52 BITADOH A XIZONWTHOHH

BT DY A X, FEJIEFEEL, HFEFEEROMH3E
BICH X DB T 570, Higdmé Lk

® if(0 < j-i < m)a;;=value

® clsea;=0
7o T 7 A MAEATIIZER L, CRSIEXTHML .

BRITHI A X B 2 BB E SN 5720, HiE
m=32 D7 A MHFTINIRIL, 1 ALy RTIHHIHA X
N % 1035 4.0x10° £ T 103 F o S B f R4 X 15
W9, L3 ¥ ¥ v =il CRS HROERE DT &
2 fEE DR RLR, K 1.9x10° FTHRNTE 5. T A
NABATHITIE, v vy allT—2NIED L X, AVX
1Z SSE2 DRI 1.9 K%, v v =2 lTELRNE XK 1.8 1%
Lipote.

WIZ, 4 ALy KT, 478194 X N % 10° 706 4.0x10°
F T FOME B FHFE R ZX 16 ITRT. v v
2T ED L&, AVX 1T SSE2 DK 1.8 15, F ¥ v =il
INESRNWEXRKLTEER o2 £, LAV Y K& 4
ALy RELRETD &, AVXIET—2 N Fy v a2 E
HLERITRE, SSE21IK38MHBEARY, Fv v =lTN
FEDRNEE AVXIIH 3515, SSE2 1T/ 3.6 5L e o Tt

BRATHI 7 MARETIE, X7 MAEE L ED AVX O
HEZY SSE2 OHEREE TH DL D Z LidZe\v. 2k, #REAT
FIfEHEE L LIz AT ~OBERNME T LIZEEZD
N5, CPUMLEET AT —F ElZ4 ALy RTHFyr v =
WCINE D & & 18GBls, ¥ ¥ v V2 lZINEL RN E &
15GB/s TH Y, WIFNnb AT ) HROBEBERKNTH D
212GB/S ICELTHE LT, AEVIER MRy 7o T
WWEEZXLRNRD., 2720, X7 M xidFdFr v all
by FTFBEIREL, 1 BT AT MDA & &
EL TWD.
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Figure 15 Performance of band matrix (1 Thread)
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N5 100 F (LSBT AR X 17 IR T 2B DD,
PRI FEERR AR AL CTu ) FaL s g vk
"random" & [Fl— 27 7 7 BIZoR Lz,

KEROFER, A& O INIE > THERED PR BRI H N9
08, Wil m = 40 R 0> HYERE DM OME & LN 72
D, HiE m=65LL ETIIRIE—EOMREIC R > 72, HIE m
S4ADLE, 1ALy RIZBWT, AVX X 5.9GFLOPS & #
AR — 7 MEREDR 21%, SSE2 ik 4.8GFLOPS & High & — 2
MEEDFI 18% & 72V, AVX (X SSE2 D) 11 TH D DI
stL, #0E 40 TiIX 1 ALy RIZBWT AVX 25
11.2GFLOPS L #iga B — 7 MERE D 41%, SSE2 23§
6.5GFLOPS & Himt — 7 MEEEDHK) 48% & 720, AVX I
SSE2 DK L7 5D b & 7e o 1. REREEEFTHI & % 4 K5
7 MVOREE, BEEMBE O AT U ANEL, FE LM
BHRONRT L AZEE L 1 a7 OBGHY— 7 iR
18GFLOPS & 72 5 7=3b, AVX TIEH v — 7 MEAE D 62.3%,
SSE2 | 73.2%DMEEEN TT N 5.
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Figure 17 Performance of sparse matrix vector product
with bandwidth (Band matrix, 1 Thread)
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18 BifT%!|"Dubcova2"
Figure 18 Sparse matrix "Dubcova2"

PEREASPEERIRIZZE L LT 5 DI, SSE2 Tl 1 [ D E
TIEAFE 2 2, AVX TIIERBE 4 >OT — ¥ 2T 57z
O, MBI AT OMERH DD EBZ 26D, AVX [T,
[EIHEH AN 2 7 2 LT X W SRBULBE S I8 22 L9 <,

TANMHREATAIE 7 Y FaLy v a OMRENKE .

varlFalLyyaryOETIOEYIEFEESRL L
CHAE DT 2 b ABATANE, “random” % B & 1 IEFRE DM
RE7Z > 7=, “random”iX, AVX TIZK) 7TGFLOPS, #:iE 64 &
T A N BT & -~ T 57.8%, SSE2 Tix# 4.25GFLOPS
(64.1%) T - 7=.

TrYXary ey OETHOR THRERED S 7
YIRS ESE S 15.8 DO B1T4"Dubcova2" D & [¥] 18 2
Y. T OBATINFATSIIY A X N 25 65025, FEFFEHEEM
1030225 OXFATHIT, T A bHAHATI & M2 i 1
ZLTWD. ZOLIREITINCENTS, T A MAHAT
FI & ik LT AVX TS 81.1%, SSE2 TIE 91.7% & 72 -
7. ZoZ s, "random"D X O Rk — A B R X,

PEREDS SFEPBEFEFE IR E SKFELTVD Z LD 2D.

EBEOT SV r—a TR HBRET — & N EkE L2 BR
TR D ZLNENEEZOND D, EHIEFEEREK
MO THINARETHDI EELLND.

6. £&H

AHIETIL, B2RBEERRICL DTS &7 Lok
AFEREZ AVX mx AW TEmdbd 2 B0z 5 & ME R
Zam Lz,

Xy v vallNELHPADONT MAMOBEFTIE L AL
v FIZBUW T AVX 13 SSE2 & Hb X THERELL 23K 1.7 £ 5
23 &5z, AVX X3 AT v Fas e FEITTE D2
¥, SSE2 & HXT 2 5Ll EOMEREN TN, s~ M EHE
DI & /DN T o ANENT LITL Y, "axpy"THE
I2FBW T, AVX 3 16.8GFLOPS, SSE2 (X 7.3GFLOPS & 72
D, B — 27 MERED 21.7GFLOPS & 37 61.8% L 7
TENTDHZ Ed otz S b5 LEDEDIZI,
MR ERREDONT A EZBE L THETHLERDD.

T—EARNF Y v V2 lUNELRWVGEAEIE, ATV TR
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AMRKERF MRy 72 VEEPKRTT 5. wLTF A
Ly RMEZIT- a8, ATV A~OERNEHEY, ATV
PEEEIC K BN EZ 1T 5 Z LT, AVX X SSE2 &Rk
ARy

CRS TEA THM L 7 5FEBE D BRATHI & 5 2 FEEE D~ 7
FLOFETIE, AVX 3 SSE2 & H#i LT 1.1 f5» 5 1.9
frllpofe. 7 A MAIIER LIZHFATHINCENT, 4 AL
v RTCT—HNFXy vy a2 lTNELLEER 18 1%, Fvv
ValZNELRWEGS LT F LY, BTN MR
BOTHEF v v V27— B E L RWHEITBNTH
ARV T 7 ERTIR Y 7 ERBRNST.

CRS BT L 7= #ATHI DY A X & EE L, FHHEE
BERBEE ST L 2 A, WIROEIITENERED M
T 250, B 40 ZAB 2D L HEREDBEMOME & A3 E0)
2720, HHlE 65 LA RIS/ B LIRE—E MRS 7. FH
FRERAGTDE, BITHINRZ MAREICE VT, MEEIRE
BHEFEEEIEFELTIWND EEZLND,

BRITH & PR FEEL L [ UHIEOHATHI & el L
7o VERBITAY 81.1%LL B 720, ELEC Ko THFER LR
B LIZEITANC BT H R 57.8%ThHh - 7=

INHDOZ Ex b, SandyBridge ~ A 7 2 7 —X% 7 7 F v
T AVX W fE 2 REEAEIL, Fv v v allNEDHN
7 MVIERTIE, BRE— 2 HREDK 60%, F v v all
INE BRWGEITAE Y HROHKIEZ 2, A€ Y M6
ERE LMREICRD. £, FREBITY]EF 2 BEN
7 MVORIZIB T, FEFEFIREA 40 P Lo —KkH) e
BRATHICIE, Hn e — 27 PEBEDR 40%, MEREAR TIZ< W T
U LI BATINZ BV T HH) 20%LL EOMREIZ 72 B & Tl
TE5.

SHBOBEE LT, o~ Rk %< oBITHIC
L CHRRE, T EITO) 2 & TR UG TN TE D L5
ZTWD. Fie, S RBEEREOIMERE & FHDONT 2
R, TV 72y FRENZEDAEI T 7 BAOWEEITD
Z L TR BRI TEDL B A BND.

I HPCS2013 OEFHENOALRR AL MEATEE E
L7z, ZZICE#HoBEEARLET.
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