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ABSTRACT

This thesis presents a prefetching method for reading the data from
main memory to the cache. When the data size is large, prefetching can reduce the
memory waiting time and can reduce the execution time of a program. We propose
an analyzing method in order to find the best prefetching pattern to augment the
speed of matrix-matrix multiplication. We also propose a method to find the best
prefetching distance that can be applied to different computers. Our algorithm was
tested on 2 computers. When tested on the Core-i5 machine, our proposed prefetching
was 18.86 percent faster than a program that did not use prefetching instructions.
Our method was 17.54 percent faster than the automatic prefetching generated by the
Intel C++ compiler. When tested on the Core-i7 machine, our prefetching was 8.86
percent faster than without prefetching, and was 7.73 percent faster than automatic

prefetching.
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3) PREFETCHT2 fufdsiivimihisudoyadmiivligmiseniiud
uAvsEduTl 3 viegend Adsluneunnsldnsdidnslidoyaiudlumisauduay
sefuil 1 waz 2 vhlfanunsasudeyadrmtduiuliluuassefuduld Taeseydu
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LAYTEAUN 1 1ieseg1fen Ardsdmunsunnisldlunsainlisinisldveyaifugvinllyl
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Adua3owls 4 mdsdamnsadenldlalag Intel Intrinsics Faduniasiie
g198sdmTumdinielures Intel NTFURUUNISIABUN 19T vilvigiaiunlide s ey
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lngAdsiazaudeyaannussvinvesteyaluntlganuivanilamumia p aguazeruidi
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for(inti=0;i<M;i++){ for(inti=0;i<M;i+4){
resultlil = alil + bli; resultlil = alil + blf;

} resultli+1] = ali+1] + bli+1];

resultli+2] = ali+2] + bli+2];
resultli+3] = ali+3] + bli+3];
}
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WS adlRtUTEANS AN ieandnsIn1sAn cache miss tagldn1s3tAsIzissiU source

code tANYANTIUNITYINUYDY compiler wazladananisinausiuiusenineweniuwas

s . a @ 1 v a = = [ A
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a o ' Y] ¢ s s A g
AN 2-2 HANTITNAFDINITNINUTIUNUYBIYBNALITLALTNTALITNILARY [7]

Benchmark Data structure | GHB+T | STR+T | Why SW is better Why SW is Best
worse
POS | 433.milc Short array - - Short array SW+GHB
456.Gems Indirect, stride - + Indirect access SW+STR+T
FDTD
429.mcf Recursive data - - Irregular (Array of SW+STR
structures, pointers)
Array of
pointers
470.lbm Stride - - Reduction in L1 SW+STR+T
misses
462.libquant | Stride - - Reduction in L1 SW+STR+T
um misses
403.gcc Recursive data - - Indirect access SW+STR
structures,
indirect
434 zeusmp | Stride + - Reduction in L1 SW+GHB+
misses T
NEU | 434.bzip2 Indirect, hash + + SW+GHB+
T
436.cactusA | Stride + - SW+GHB+
DM T
436.soplex Indirect - - STR
410.bwaves Stream - - STR
NEG | 482.sphinx3 Stride + + Loop is too SW+STR
short
347 leslis3d | Stream - - Loop is too | SW+STR
short
+: positive, -:negative, Best: best performing case among all eveluated cases
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Multiplication lnan1snaassiinsiUseuiisuseninen1a@sulysunsuiuy Inline Assembly
wag Intrinsic Function HaN1SNAABINUIAITUEUTUTLATUAIUIMALNTT y=Ax taz y=Ax
714 Intrinsic functions fIUsz@n3amuinni1n153euluswnsuwuy Inline Assembly
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d = Lm / Cpi (1)
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cycles Y8INSYINMUADUTINITIUTOU
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2.2.4 0154 Trident frame work [WauMN528EN19IUAISWIHADY

'
a
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Ineade Trident frame work @910 event-driven wagidu multithreaded dynamic
optimization framework L3 llun15a519 helper thread Liton319a@oUR1513 Delinquent
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Initial Matrix A, B, C
|

\ 4 A 4

Timer Start Timer Start
\ 4 \ 4
Matrix Multuplication Matrix Multuplication
with Software Prefetch without Software Prefetch
A\ 4 \ 4
Timer Stop Timer Stop

A

— | Compare result
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v
Find priority of variable to prefetch
v
Calculate and set d,,, o«
v
tin = max float
v
dnd=0
v

Run program and
Measure execution time (¢)

d+=1

<%

i 2 &
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P
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END
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nan1sandunuwiadu 4 msneasinan laun n1susudgedssdnsaan
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4.1. msuSulsasEansnnlusunsunsaauamsngalenisuTuLanawag

[
o

TunauNIsNAaensNINTeulUsnsulunsAuUNI YU TUsunsy
a ¢ v ¥ Y g = &
nsasuvsndardsznaulumenisiuseudouriu 3 9u FaziSenlusunsunisansuwuuiin

“N13ARUY 3-loop” 1ilely N Aedrurumsiuseuluusasdu awnsainuszansninves

[

ganea3fiuniu Big O Notation azlatlu ON?) desWariisn (pseudo code) Fauanslu

U 4-1

&aNl

Fori=0to N-1 // {iednieawnivuaauvnsngminiwasHasns
Forj = 0to N-1 // {ieiddesvanuasunsndiinnuashadng

(%
v v

Fork=0to N-1 // LﬁaLﬁt’hﬁqLLmsuaaLm%ﬂsz?{?h@ml,l,awé’ﬂsumLam'%ﬂsﬁmm
CliG1 = CUl1 +ALTK] * BIKI]

JUN 4-1 sWaliieuvedlusunsuaumisnguuy 3-loop (Sanesiiud 1)

LUsuNTUNSAMININGUUTENBUAIEY TUUBNFANINITIUTOULNBLTIT AT

(% ¥ ]
Y

VDAUNINDAINIUALIUNINDGNAANS TuNFWINITINTOUNBL WA VBUNNINDMIAMLAL

Y

rSngraans drudulugainn1siuseuiieliI MY LUTINEMAMLAT NANYBUUNTND
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(% (%
v v U Va v

Aane nUuIdelaUisusUkuunsifan3ndlagadunsiuse utundeduas tuLengn

Aauanslugui 4-2

Forj = 0 to N-1 // 1ieidniavanvasunsndmnnuaztadng

Fori=0to N-1 // vNo 1w uasunsSNgaiInIbasNaans

[
Y

For k = 0 to N-1 // iilelinfaunivesiuvidndmgauasndnuesmindsasia
ClAy] = CUU] +ALK] * BIKIL]

JUN 4-2 Tsunsupauun3nduy 3-loop AsUNISUTUUTINTINOIULET (Fane3iiud 2)

91n3UN 4-2 18un13Usulalusunsunisgauuvsnduuy 3-loop lagLiiy
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nsiSEugURadNSAUNISIIRmEIgANT Il NTINTE LU TEINANA fanansly
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A5199 4-3 NSLUSYUIBUNAANSAIUNISINDINUIEANUTLBLAaLF LU N IEIUTaU

Sanesfiudl 1 (Sane3fiumv) Sane3iind 2 (Sanesfiuiiuzuuse)
N3N
faaA) | wgeuB) | wadwsO) | sdaa) | dagaiB) | Hadws(O)
sk
souluan S T S T
JEUNAN T T
JOUUDNAN

AT 4-3 Mvuali S manefanisillendlunisldteyasumisiiaaly
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blocking Fauandlusuil 4-3

U s

for (intj = 0;j < N;j += 1) // \ WO avanuauvisndiinMuazHaa NG

for (inti=0;i <N ;i+=T)// WUMOIVBAUNINTAIPIUATHAGNS
for (int k = 0; k < N5 k += T}) // WUIMQIVBUNNINDAIAUUATNANVBIRIA

for (int i = i; ii < i + Tj; ii++) // WU IEDEVBLUUNSNTAINILALHNAANS

for (int kk = k; kk < k + Ty kk++) // |DaUnILaENaNgR8YUUNING
CIl1 = CIl1 +ALK] * BIKI[;

5UN 4-3 n1snauunsndlagldisn1svin blocking iiuwm3sndsins (Sane3iium 3)

[ '
v v =

9n3U7 4-3 10un1svi blocking liulumsndsga Jsazwusdudsidnia
LOILAENANVBBUNSNGFIR 00N TULDILALVENGDY T, ABYUIANITHUILNIVBLUNS NGRS
v oA 1 & A ! a fo @ U oA &
uwagkadnsiALly 128 7, AovuIAnsLUILmvenuvsnddnnuaznanveiadanly 64
Pnulsunsulangui 4-3 uvhldimatiananenisiugiiieandiuiuasslunisiuseu

ad ﬁaaﬂwﬂﬂmmmmamiaueﬁﬁqgﬂﬁ a-4
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s

for (intj = 0;j < N; j += 8) // taLfananveuuy3ndinmuLasNadns

(7
Y

for (inti=0; 7 < N;i+=T)// WULDIVDAUNINTHIFILATHATNS
for (int k = 0; k < N5 k += T}) // WUIUAIVBUNNINDMIAUUALNANVBIRIA

for (int ii = i, ii < i + Ty, ii++) // WM 0EUDUNNINIAIRILATNAANG

ClGT = CUIT +ALIK] * B[k][/];

Cll+11 = CLG+1]1 +ALIK] * BIKI[+11;
Clilj+2] = Clillj+2] +ALk] * BIKI[j+2];
Clil+3] = Cli[j+3] +Alk] * BIKI[j+3];
ClG+4] = Cly+4] +ALNK] * BIKI[+4];
Clilj+5] = Clilj+5] +Alk] * BIKI[j+5];
Clilj+6] = Clil[j+6] +Alllk] * BIKI[j+6];

CUU+71 = CUG+7] +ALK] * BIKI[+71;}

for (int kk = k; kk < k + T, kk++) { // LD UILATUS NG DUVDUUNI NG
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for (intj = 0;j < N; j += 64) // oL ANVaAUNINGAINMUALHATNS

(7
v v 6

for (inti=0; 7 < N;i+=T)// WU IVDUUNINVHINILATHATNS
for(intk=0;k<N;k+=T)// LL‘U'@LLmﬁumLw'%ﬂsz?éhﬂmLLawé’ﬂmmﬁaé?ﬂ
for (int i = i ii < 7 + Ty ii++) // Wnduangosvesumindsndauasnadng
r= _mm256_setzero ps(); // &nadeyasuysiliiinfmadng

r,= _mm256 setzero ps();

rg=_mm256 setzero ps();

for (int kk = k; kk < k + T, kk++) { // L 0U0ILAS WS NYDEUDUNNING
a; = _mm256_setl ps(ALikK); // éwusﬁa%a%aaame‘aﬂLuw%ﬂsﬁﬁaé’fa
b; =_mm256_load_ps(&BIKKI[]); // 1uUByavesaNnTnein

b,= _mm256 load ps(&BLKKI[ + 8);

bg=_mm256_load ps(&BIKKIlj + (8 * T)]);
/* pauuazuinuadwsiuluiauds r, - rg*/
ry=_mm256 fmadd ps(a;, b, ry);

r, = _mm256 fmadd ps(a;, by, r);

rg=_mm256 fmadd_ps(a;, bg, rg);
}
/* DUANENITNUDLUNINDINAANG */
c; = _mm256 load ps&CTil1);
c; = _mm256 load ps(&Clillj + 81);

cg=_mm256 load ps@&Clillj + (8 * 7));

5UN 4-5 n1sldyadnds AVX unuiamdniseaiunindgill (Sanesiium 5)
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/% YIFUSTINUNEE NS NN TAANNINGUINANANTDIAUTNVBIUVZNSRAANS */

r;=_mm256_add ps(c;, r);

r, = _mm256 add ps(c,, ro);

rg=_mm256 add ps(cg, rg);

/* thuadnslduinavanivadduaundnvesunndnadns */
~mm256_store ps&CTillf], ry;

_mm256_store_ps(&Clillj + 8], r);

~mm256_store ps@&CTifllj + (8 * 2)], rs);

_mm256_store ps&CTillj + (8 * 7)], rg);

JUN 4-6 Mslayndd AVX ununuiiAmdsnisaauunsngly (Sane3iiui 5) (se)
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WUTENTANENITINE 8 T demalianunsannla 64 ATwonilan1TIuTaUTIULeY
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3) Wailnduarveuuningsaga (Blk+dsll)
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Suladvanvesunindiagas (BIKI[+ds)
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a @ s
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NN ARG L . v
Adans il MsnLilad (Byte)
N3 N3
1) D
E * Ty ExT,
N3 N3
2) D
E * Ty ExT,
N3 N3
3) N? W
E E
N3 N3
4) D
E*Ty E T,
5) 2N3 i} N3
E * Tk E * Tk
6) N3 N3 N3 N3
+— D +—
E+«T, E E«T, E
7) 2N3 2N3
3
E * Tk E * Tk
8) N3 N3 N3 N3
+— D +—
E+«T, E E«T, E
2N3 IN3
9) D«
ExTy E*T,
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o Tununssenly Umnaudeyailéann
I/NINILNAY Y a e . L .
ANFINILARY ANSNIAAY (Byte)
N3 N3 N3 N3
10) L D x L
E * Tk E E * Tk E
11) 2N3® N3 N3 N3
+— D +—
ExT, E E+T, E
12) 3N3 2N3
*
E « Tk E Tk
13) 2N3 N3 2N3
ExT, E E Tk E
14) 2N3 +N3 2N3 N3
E * Tk E E « Tk
3N® N3 2N3 N3
15) L L
ExT, E ExT, E
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NU18T a5z 8gN19NIINSIAndvonunIng@fe T uunedesnulunanvauunsnddes T,
MNEIIUIULIVBUNNINDL DY M, MENgfaUTinadedafion1sIuTeu x B9 x Mgty
FUN1TIUTOU MAWA K, KK, /, i ke j tM, NU8TIUSUIUTRYATINYDINITIUTOU X VIAINUA £
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n13 gULLUUﬁ 1 g‘ULLU‘Uﬁ 2 gULLUUﬁ 3
U
BPL (Byte) N, BPL (Byte) N, BPL (Byte) N,
kk Mk dg Myy-D Ti-dg - -
fi tMg+M;; de+1 Mg +M;- dy- tMgAMi~(UF/D) | Trdy-
(uF/ DYE*D*Ty | (dc+1) | *E*D*Ty - D (dc+1)
k tM; n/T - - - -
i tM, n/T; - - - -
J tM; n/(E*uF) - - - ;
W | (M dg)+Mu-DY*(Ti-dlpD+ M (e D)+ (M dp)+H (M- DX(Ti-clp)+Mi-(uF/
DYE *D*T *(da-(dc+ DN+(((My* ) H(M-DY(Ti-dp)+M-(uF/ DY*E*D* T\ -DYX(T -
da-(d+ D0/ T )*n/ T n/(E*uF)

M15719% 4-6 JUuvuNsliteyaren snaLilegIs 14

n13 g‘ULLU‘U‘ﬁ 1 gULL‘U‘U‘ﬁ 2 ’EULLUUﬁ 3

U
BPL (Byte) | N, BPL (Byte) N, BPL (Byte) | N,

kk Mik dp Miw-D Ti-dg Mik ds

fi tMgA+M;; de+1 tMAMi~(uF/D) | T-(de+1) | tM+M;; de+1

*E *D* T,

k tM;; dy tM;-D (n/T)-dy | tM; da

i tM, n/T, - - tM, n/T;

j tM; n/(E*uF) - - tM. n/(E*uF)

EY (M A+ M- DY(Ty-dph+ M) (A I+ (M * )+ (M- DYX(T i ~-dlp)+Mii(uF/
DYE *D* TIXT-( dc+1)*da)+ (M dg)+(Mi-DY*(Ti-dp)+Mi)*(d+ 1))
H((M*d)+Mg-DY¥(Ti-dp)+M;-(UF/DY*E *D* T)¥(TAdc+1))-DY*(n/Ti)-da))
*n/Ty*n/(E*uF)
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= = a L4 a0 v
NAITNN 4-5 LagR15190 4-6 LLﬁﬂ\‘iE'ULLUUWE]G]H??NﬂWiIGUGUQNﬁ fenunyly

Y

N157U59UANN 9 W TugUwuudl 1 909015199 4-5 JUTHun1s81udeyawiniu My, T
ANUTOUNUAINIY 384 1HpAna1TnensIULAT0IUDY Intel Core i5 NldNAanILaziuys
yiln float Mlglun1slgulysunsy WoRasanTuguuuui 1 MUY kk U1AINANTINLY

melunsuseu kk Wunsldmdmiiiadiiesudeyavunn 64 lud imseudeyawnindg

(% '
Y = o

AIR9UR 64 Lud waziiniserudeyalunIndiinnuun 256 Lud WetdiUsuiuniseu
fouaunsamiuagld 384 lud Wolinsiusazninuseuludnuvusiagldaunsduan
Usinamheanusnswildlunsviauwesusunsuildnswifingisd 13 uas 14 91niy
WNUAIFILUTHNG 9 Faaun1ssauns 2 fsuales My, WAUAIAIY 384 D WNUAIAIY 64
LﬁaamﬂmsémsﬁagaLsﬁwmé’mmmmam{]mﬂssum?aaﬁlsﬂumsmam%gﬂéwumﬁaz 64
Lud 9nnsUsulsedanesinlunsmaaenountil T, unuaime 128 T, WIUAISIY 64 waz

UF UWUAIPIY 8 LBUNUAIANN ¢ asluaualuvsng (n) ARNeiulanINans

A15199 4-7 WU uUSUIUNEIEAILIIMDNENSEINIs N INSIiedn 13 way 14

Total amount of memory access (GB)
Matrix Size (NxN)
Pattern 13 Pattern 14

1024x1024 6.14 6.17
2048x2048 47.42 47.54
3072x3072 165.82 166.22
4096x4096 393.06 393.99
5120x5120 767.70 769.52
6144x6144 1326.59 1329.76
7168x7168 2106.57 2111.55

Average 687.614 689.25

ANAITNN 4-7 WU WSNSUALITNISNTHRTITA1597 13 TdnuleanusteenI
TUsunsudldisnsnsiiladn 14 lnewafoannisneaeis 7 suiauvinded 1.636 GB
LHeaanduUsiidnfawndvessintegn1siuseulundndinu s fananvesdas

AN TN ATV 9AI9AINALINNIINITWS LN TUE NV IFAITULEY AINNITUATIZI
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P

NUszANSnmuniand miudaneiiunimaslds lUsunsuy

[ 4

URsagulainnisnsiilng

(%

WIHATUAVDUUVENDEINT LOIVBANNINTFIAUUAZLOIVDINNINTNAANS

for (intj = 0;j < N; j += 64) // oL ANVaAUNINGAINMUALHATNS

(7
v v 6

for (inti=0; 7 < N;i+=T)// WU IVDUUNINVHINILATHATNS
for(intk=0; k<N ;k+=T)// LL‘U'@LmemLw'%ﬂsz?&’a@muawé’ﬂmmﬁa&gﬂ
for (int i = i ii < 7 + Ty ii++) // Wnduangosvesumindsndauasnadng
/* 3idndudsiildiunadns */
ri=_mm256 setzero ps();

r,= _mm256 setzero ps()

rg= _mm256 setzero ps();

// WIARTLAVDNUNS DR

_mm_prefetch(&ALii+d4llk], HINT)

// WaHATULA 1D UUNSNTNATHS

_mm_prefetch(&Clii+dc[j1, HINT)

for (int kk = k; kk < k + T, kk++) { // | U0900ILAL WS NG DEVDUUNING
a; = _mm256_setl ps(AlikK)); // éﬁu%@gmaaam%ﬂLw%ﬂsz?éhéfq
// WEnduaveuvEndiana
~mm_prefetch(&B[kk+djl[j1, HINT)
b; = _mm256_load_ps(&BIKKI[]); // 81uleyavesaunTnin
b,= _mm256 load ps(&BIKK][ + 8));

bg=_mm256_load ps(&BIKKI[j + (8 * T)]);

JUN 4-7 n1sldyaAnds AVX wununedsnisaasumsngialy (Sane3iiud 6)
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/* pauuazvinuadwsiiuluiauds r, - rg*/
r;=_mm256 fmadd ps(a;, b;, ry);
r, = _mm256 fmadd ps(a;, by, r,);

rg=_mm256 fmadd ps(a;, bg, rg);
}
/* DIUAANTNVDLUNINTNAGNS */
c; = _mm256 load ps&CTillj1);
c, = _mm256 load ps(&Clillj + 8]);

cg=_mm256 load ps&Clidlj + (8 * T));

/* ﬁwﬁaLLUi‘ﬁLﬁumaé’wémﬂmﬁ@mmﬁﬂ%mﬂﬂ'wLﬁmaaam%ﬂsuaﬂmw‘%ﬂeﬁwaé’wﬁ‘ */
ry = _mm256_add ps(c;, ry);
r,=_mm256 add ps(c,, ro);

rs = _mm256_add ps(cs, rs);

/* dhuadnsiilduainavauivadduaudnvesundndnadns */
~mm256_store_ps(&CTil[j, rp);

_mm256_store_ps(&Clillj + 8], r»);

~mm256_store ps(&CTillj + (8 * 2)], r3);

_mm256_store ps(&CTifllj + (8 * 7)], ry);

5UN 4-8 Msldyadda AVX snunuitAmdsnisaasunsndmill (Sane3aiuy 6) (o)

NFUN 4-7 waz3ud 4-8 Wudanesiiunsaaunindilddanesfiui 5 uas
cad

WUASNIIRTITA 13 111U 99anasANN 6 JUTENaUMIY ASHRNAIEINS ATV
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Topics

Circuit and systems
« Analog Circuits
« Computer Aided Design
« Intelligent Transportation
Systems & Technology
« Linear / Nonlinear Systems
« Medical Electronics & Circuits
+ Modern Control
« Neural Networks
» Power Electronics & Circuits
« RF Circuits
+ Semiconductor Devices & Technology
« Sensors & Related Circuits
« Verification & Testing

e + VLSI Design

Submission of Papers

ceedings and Publications

Importa

Deadline of Manu%i‘pt Submission

Notification of Acceptance

B

July 5-8, 2022, Duangjitt Resort & Spa,

Patong, Phuket, Thailand
With the great success of the International Technical Conference on Circuits/Systems, Computers and Communications '«as o
(ITC-CSCC) as the world leading conference devoted to the advancement of high technologies in Circuits,

Systems, Computers, and Communications, we would like to invite all the scholars and experts around the
world to attend the 37" ITC-CSCC 2022 to be hosted in Phuket, Thailand.

Submission of Camera-Ready Paper

IEIE

The institute of Electronics
and informaticn Engineen.
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1st CALL FOR PAPERS

ITC-CSCC 2022

h
The 37t International Technical Conference on Circuits
/Systems, Computers and Communications (ITC-CSCC 2022)

The conference is open to researchers from all regions of the world. Participation from Asia Pacific region is particularly
encouraged. Proposals for special sessions are welcome. Papers with original work in all aspects of Circuits,
Systems, Computers, and Communications are invited. Topics include, but not limited to, the followings

v
L ‘,b'\

Communications Computers W

« Antenna & Wave Propagation - Artificial Intelligence

« Audio / Speech Signal Processing « Biocomputing A

- Circuits & Components for + Computer Systems & Applications -,

Communications « Computer Vision N

« IP Networks & QoS - Face Detection & Recognition

+ MIMO & Space-Time Codes « Image Coding & Analysis

» Multimedia Communications « Image Processing

« Mobile & Wireless Communications - Internet Technology & Applications

« Network Management & Design - Motion Analysis

» Optical Communications &Components « Multimedia Service & Technology

» Radar / Remote Sensing « Object Extraction & Technology

- Communication Signal Processing « Security

= Ubiquitous Networks « Watermarking

- UWB = Blockchain

« Visual Communications « Data Analytics

« Wireless Sensor Networks « Internet of Things

» Underwater Communications - Virtual Reality

Prospective authors are invited to submit an original paper with 2 - 4 pages in length of PDF format written in
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Abstract—Prefetching reduces data fetch latency and
augments the speed of program execution. This paper presents
an analysis model for selecting the optimum prefetching pattern
for matrix-matrix multiplication. By calculating the number of
prefetch instructions and the amount of data from prefetching,
numbers of prefetching candidates are selected. Then the best
prefetching pattern is obtained by selecting the candidate with
lowest value of memory access. The prefetching pattern
obtained from this algorithm is on average 18.86 percent faster
than without prefetching. It is on average 17.54 percent faster
than the automatic prefetching feature provided by the Intel C
compiler.

Keywords—software prefetching, matrix-matrix
multiplications, memory access, algorithm

I. INTRODUCTION

Processing large amounts of data takes a lot of execution
time. Each application program has a specific memory access
pattern, so if'its data is properly read from main memory, then
the program execution time can be reduced. Prefetching is a
process of data pre-reading from main memory and then
storing it in the cache hierarchy. This process can be
implemented in both hardware and software approach.
Hardware prefetching works well when the data access
behavior of the program is clear and easy to predict [1]. It
analyzes the trend of data usage and then predicts and reads
the data in advance from main memory to the cache for future
use. Software prefetching works by inserting the special
machine level instruction inside the application to read the
data before it is acually needed. The prefetching instruction
will put the data inside the cache with a hope that they will be
accessed in the near future. There are two ways of software
prefetching: 1) automatic software prefetching and 2) manual
software prefetching. Automatic software prefetching is done
by the compiler. The compiler will analyze the behavior of an
application, then automatically insert the prefetching machine
instruction inside the object code. Some compilers support this
feature e.g. Intel C compiler. Manual software prefetching is
done by the programmers. The compiler’s intrinsic
prefetching functions are manually inserted inside the high-
level language source code of the program. Software
prefetching might slow down the program execution if not
used properly.

II. BACKGROUND AND RELATED WORK

When data is prefetched in the program, there are 3 states
of prefetching result that might happened in the system
including: 1) Early state which occurs when the data required
by processor has not yet arrived because 1t 1s still in the
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prefetching process; 2) Timely state which occurs when the
desired data has already been inside the cache, and 3) late state
which occurs when the processor needs the data but the
prefetched data has already been removed from the cache.

The best state in the prefetching is the timely state, which
eliminates the need for the processor to wait for the required
data. The x86 architecture has 4 types of prefetching
instruction: 1) PREFETCHTO which reads data into the cache
at all levels; 2) PREFETCHT1 which reads data into the cache
level 2 or higher. This instruction should be used when the
same data will be reused in level 1 cache; 3) PREFETCHT2
which reads the data into the cache level 3 or higher; 4)
PREFETCHNTA which reads data into the level 1 cache
memory. This instruction should be used when the same data
is required again in the future, eliminating the need to store
data in a different cache level. These 4 instructions can called
by using intrinsic instructions in C programming.

Prefetch distance must be set to an appropnate value to
achieve the best performance [2]. It is also utilized in
conjunction with loop unrolling and blocking to improve the
speed of matrix-vector multiplication [3]. When applied
together with loop unrolling, prefetching reduces reading
overhead of the data from the same address and increases the
spatial locality of reference of the data. The prefetch distance
can be calculated by using [4]

— Limiss
d= cPI O

where d is the distance in bytes, which indicates how far from
the current position to the desired reading location. The L.
stands for the average miss latency which is the amount of
time to read the data into the cache when cache miss occurs,
and the CPI stands for the number of cycles required per loop
iteration. However, this equation applicable only with the
single loop operation, but when the loop is nested, the number
of clock cycles will change and may results in a prefetch time
out. Trident framework was invented to solve this problem
[5]. It is an event-driven and multithreaded dynamic
optimization framework, and is used to create a helper thread
to check the Delinquent load table. If the prefetch is not
effective enough, it will be marked to be prefetched
elsewhere. The values are predicted and corrected in the table
later to be used to increase or decrease the distance 1n the next
prefetch. Using this framework requires machine resources to
create a helper thread. However, this method works well if
the amount of work to be processed is large enough due to its
overhead.

Matrix multiplication is a basic mathematical operation
required in science and engineering [6]. Large matrix takes a
long time to process. Software tuning is the cheapest way to



augment the execution speed of a program. Software tuning of
matrix multiplication can be done in several ways such as
modifying the algorithm [7], reducing the number of
mathematical operations, parallel programming, loop
unrolling [8], etc. Prefetching is another way to increase
processing speed.

In this paper, we propose a new method to find an
optimized prefetch location and its distance based on the cache
access analysis. We use a matrix-matrix multiplication as our
case study because it is a time consuming operation and is
required by many scientific and engineering applications.

1I. PROPOSED METHOD

Many optimization approaches to augment the processing
speed have been proposed e.g. loop unrolling [3], code
blocking [3], parallelization, and the utilization of SIMD
instructions [9]. Prefetching is another one technique that
can i1mprove the performance of matrix-matrix
multiplication. Prefetch distance must be set to an
appropriate value to achieve the best performance [2]. It is
also utilized in conjunction with loop unrolling and blocking
to improve the speed of matrix-vector multiplication [3].
When applied together with loop unrolling, prefetching
reduces reading overhead of main memory and the
execution speed of a program is increased.

Matrix-matrix multiplication is a time-consuming
operation and is widely utilized in scientific applications.
When the matrix size is large, it can take a long time to
process. In this paper, we propose the utilization of
prefetching to augment the execution speed of matrix-matrix
multiplication. Figure 1 shows the multiplication algorithm
with 4 different prefetch locations.

for (/=0; j<N; j += AVX*uF)
for(i=0; i<N; i +=T)
for(k=0; k=<N; k +=Ti)
for(ii=i; ii<i+T}; ii++)
prefetch A[ii+dJ[k]  //location a. prefetch a row of matrix 4

prefetch A[ii][k+d,] /I location b. prefetch a column of matrix 4
prefetch CTii +dc][f]  // location d. prefetch a row of matrix C
for(kk=k; kk<k+T; ki++)
read A[ii][£] into AVX registers
prefetch B[kk+d;][;] // location c. prefetch a row of matrix B
read B[KA][j] into AVX registers
read CTif][/] into AVX registers
/I AVX code for add and multiply member of matrix
Clif|[+AVX*0] += A[ii][kk] * BLAK][j+4 VX5z*0]
Clif[+AVXg*1] += A[if][kk] * BLk]L+A VX5 1]

UL+ AVXs® (uF-1)] += ATH][RK] * BRKI-AV X (F-1)]

Figure 1. The algorithm of matrix-matrix multiplication.

Let 4, B, and C be square matrices of size NxN. The
product of matrix-matrix multiplication can be defined as
= A=B. Figures | shows pseudo-code of the matrix-matrix
multiplication using loop unrolling and loop tiling as the
optimization techniques. This algorithm utilizes a fused-
multiply-accumulate (FMA) operation of the AVX intrinsics
to implement the multiplication. The variable AVX. is the
amount of single-precision floating-point data that can be
processed simultaneously using the AVX engine of the
processor. The uF stands for the unrolling factor which can
be set between 2-8. The T and T; stand for the size of the data
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tile. D4, Dg, and D¢ stand for the prefetch distances of matrix
A, B, and C, respectively. The innermost loop accesses the
columns of matrix 4 columns and the rows of matrix B. The
second level loop accesses the rows of matrix 4 and the
columns of matrix B. The third level loop access the columns
of matrix 4 and the rows of matrix B. This loop serves to
move the tile position of the 4 matrix and B matrix. The
fourth level loop access the rows of both matrix 4 and matrix
C. The outermost loop accesses the columns both matrix B
and matrix C.

Prefetching columns of matrix B and columns of matrix
C is useless because the outermost loop variable is utilized to
store the data, and they will be expelled from the cache
memory before the processor can use them. For this reason,
there are only 4 locations to insert the prefetch instruction.
There are 15 possible prefetching combinations, as shown in
Figure 2.

Possible Combinations

] ; Ia 9) b+d
Prefetching locations 2)b 10) c+d

a) a row of matrix A 3)c 11)a+b+c

b) a column of matrix A 4)d 12) a+b+d

¢) a row of matrix B 5)atb | 13)atctd

d) a row of matrix C 6)atc | 14)bte+d
7)a+d | 15)atbtct+d
8) b+c

Figure 2. Possible prefetching patterns.

¥

List possible o
prefetching pattern v

Compare the results

Yes

Compare the ADP
and the NP/

|

Calculate the amount of
memory access from
prefetch instruction by
analyzing the code
pattern

Compare the results

Figure 3. Flowchart of finding the best prefetching pattern.

Since there are 15 possible prefetching patterns, we need to
find out which one will produce the best result. Figure 3
shows the process of finding the best prefetching pattern. The
flowchart starts from calculating number of prefetching
instructions (NVPI) of each pattern. This value depends on the
size of matrix (), the column size of the tile (T}), and the size
of data elements per AVX instruction (E). The next step is to
calculate the amount of data from prefetching (4DP). Most
ADPs are equal to NPI multiplied by the data per prefetch
instruction (D) unless the data is prefetched at the same
position. The best pattern requires high ADP and low NPI
values. If a single best pattern is not found, then it is necessary
to calculate the amount of memory access from a prefetch



instruction by analyzing the code pattern. This analyzing
process considers each hierarchy of the loop and assumes that
the prefetch status is timely. Each loop hierarchy considers
different patterns of the amount of memory used by prefetch
instruction and the number of times to execute prefetch
instruction. Let dy, dp, and n, stand for the prefetch distance
of matrix A(d.), the prefetch distance of matrix B, and the
number of loop-unrolling respectively. Tyand T;are the tile’s
column and row size respectively. My is the memory access
of loop kk. M;; is the memory access of the loop ii. tMyy is total
memory accesses of the loop kk. tM;; is total memory access
of the loop ii. tM} is total memory access in the loop k. tM; is
total memory access in the loop i. L; is a cache line size.

Table I. THE AMOUNT OF DATA FROM PREFETCHING VERSUS
THE NUMBER OF PREFETCH INSTRUCTIONS

Pattern Number of prefetch | Amount of data from | ADP per
instructions (NP} prefetching (4DP) NPI

a D*NIE*T,) D
)b D¥*NE*T,) D
3 D*NYE D
4d D*NWE*T,) D
5)a+h D*IN¥(E*T)) D
6) ate DYN3(E*T)+NYE) D
7)a+d D*IN(E*Ty) D
) bte D¥N3(E*T)+NYE) D
9) b+d D*IN(E*T)) D
10) c+d E*T)+NYE D¥N3(E*T)+NE) D
11) a+b+c (E*T+NIE DN E* TN YE) D
12) a+b+d (E*T,) D*INE*T) D
13) a+e+d (E*T)+N3E D¥N(E*T)+NYE) D
14) bretd E*T)HNE DN E*T*NE) D

15)atb+c | AN(E*T+NYE D*2NI(E*T+NYE) | D*2+E)

+d N(3+E)

Table IL. THE AMOUNT OF MEMERY ACCESS BY PREFETCHING

PATTERN 13
Type 1 Type 2 Type 3
loor Memory Number Memory Number Memory Number
P access of loops access of loops | access of loops
(Byte) (Bytes) (Byte)
Kk My dy MyD Ti-dy - -
it My tM | detl Myt dy- Mt Trde-
M;- (detl) | M- (det1)
(1F/Ls) (uF/Ls)
*E wEE*
*D*T, T-D
k M T - -
i M wT;
i M, nl(E*ul
)
Total | ((((((Mu*dsP(Mye-DYM( Tird)) MM (d A1) (M ) H(Ms-
Dy*{(Tiede) P Mi-(uF /L) E *D*T)*(dy-
(deA T H((Mi*ds (M- DY (Tiedds) Mo (uFI LY E *D* -
DY (Trd A dA1)) T ) nT)* nl(E*uF)

Table 2 shows how prefetching pattern 13 accesses the
data. There are 5 levels of nested loops. The innermost loop
uses kk as a loop counter, which comprises of 2 types of data
access. The first is the data access for the row of Matrix B
betfore prefetching. The second 1s the prefetched data. The
next level uses if as a loop counter. It comprises of 3 types of
data access. The first is the prefetched data from rows of
matrix C. The second is the data before prefetching from rows
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of Matrix A. The third type is the data accessed from rows of

matrix C and A.
Table I1I. THE AMOUNT OF MEMORY ACCESS OF PREFETCHING

PATTERN 14
Typel Type 2
loop Memory Number Memory Number
access (Byte) of loops access (Byte) of loops
kk M dy Mu-D Tiedy
ii IMy+M; detl M+ M- Tdc+1)
(uFILY*E *D*
T:
k M dy MDD (n/Te)-cls
i M, T -
J IM; ni(E*ul) . j
Total (M e * ) H M DY (Timd ) MY (d e+ D) (Mg H M-
DY¥(Te-dp) - Mu-(uF/ Ly E *D¥ T ¥ (T det 1)) Yo+
(UM e * ) H MDY Timdlz) )M * (et 1)) H (UM * dla ) H M-
DY (Tiedg)y+-Mir(uFILY*E *D* T (Ti-(dc+1))-D)y*((nTe)-
d)) Ty nl{ E*uF)

IV. EXPERIMENTAL RESULTS

We implemented the matrix-matrix multiplication on the
Core 15-6200U machine with 16 GB main memory. Firstly,
fifteen prefetching patterns were inserted in the matrix-matrix
multiplication algorithm, as shown in Figure 1, and the
execution time of each configuration was evaluated. These 15
prefetching patterns were compiled on Microsoft Visual
Studio 2017. Initially, we tested all prefetching patterns with
three different matrix sizes: 1024, 4096, and 7168. We found
that prefetching pattern 13 gave the best execution time for
all matrix sizes, as shown in Figure 4. We then wanted to
know why it gave better execution time than the others. The
NPI and ADP values of each prefetching pattern were
calculated, as shown in Table 1. We found that prefetching
patterns 13, 14, and 15 had the same ADP values. However,
the NPI value of pattern 15 was more than those of both
patterns 13 and 14. So we calculated the amount of memory
access of patterns 13 and 14 utilizing the equations in Tables
2 and 3. We found that total amount of memory access of
prefetching pattern 13 was less than that of pattern 14, as
shown in Table 4. This gave us the reason why pattern 13 was
better than pattern 14, as shown in Figure 4.

Z10000
E
£ 1000
g
g 100
3
-
1
1024 4096 T168
Matrix dimension(/\)
ul) u2) u3) 4) 5) u6) u7) ug)
ug) m10) wmll) ml2) 13) 14) 15)

Figure 4. Execution time comparison of each prefetching pattern.

We then compared the execution time of matrix-matrix
multiplication with and without prefetching. We compiled
these two configurations utilizing Microsoft Visual Studio
2017. In the first configuration, prefetching pattern 13 was



inserted in the matrix-matrix multiplication. In the second
configuration, all the prefetching intrinsic calls were deleted
from the C code. We found that when prefetching was
removed from the C code, MS Visual Studio did not add any
prefetching machine instruction to the object code.

We further compiled the code without manual prefetching
utilizing Intel C compiler (version 14.16.27012). We found
that the object code was automatically inserted with the
prefetching machine instructions. This auto-prefetching
feature is only available in the Intel C compiler, but not
available in Microsoft Visual Studio.

Table IV. COMPARISON OF MEMORY ACCESS OF PREFETCHING
PATTERNS 13 AND 14

o Total amount of memory access (GB)
e Pattern 13 Pattern 14

1024x1024 6.14 6.17
20482048 4742 47.54
3072x3072 165.82 166.22
40964096 393.06 393.99
5120%5120 767.70 769.52
6144x6144 1326.59 1329.76
71687168 2106.57 2111.55

Average 687.6014 689.25

Figure 5 shows that auto-prefetching of the Intel
compiler gives better execution time than no-prefetching.
However, manual prefetching using pattern 13 gives better
result than auto-prefetching.

100000 ™ Without prefetching

g 10000 B Automatic prefetching
E 1000 m Prefetching pettern 13
=
2 100
e
m

1

1024 2048 3072 409 5120 6144 7168

Matrix dimension{ N}

Figure 5. Execution time of 3 configurations over different matrix sizes.

V. DISCUSSION

QOur code analysis model consists of two steps. The first
step calculates the amount of data from prefetching versus the
number of prefetch instructions. The second step calculates
the amount of memory access. The first step is quick and easy
but is not able to differentiate some prefetching patterns. For
example, the result of the first step shows that the prefetching
patterns 13 and 14 give the same result. After the second step
is applied, the best prefetching pattern is found.

For matrix-matrix multiplication, the best prefetching
pattern 13 15 the best because variable access of rows of
matrix 4 are more than that of the column. For this reason,
prefetching a row of matrix 4 has a greater effect than
prefetching a column of the same matrix. From the
experiment, it can be concluded that prefetching the row of
matrix A, rows of matrix B, and the rows of matrix C is the
best prefetch pattern in this matrix multiplication algorithm.

51

Our proposed prefetching pattern 13 is on average 18.86
percent faster than without prefetching, and is on average
17.54 percent faster than the automatic prefetching feature
provided by the Intel C compiler.

VI. CONCLUSIONS

Prefetching is an important technique to hide memory
latencies, especially when processing with large amount data.
To obtain the best result, suitable prefetching pattern must be
determined. In this paper, we have proposed an analysis
method for selecting the best prefetching pattern. By
calculating the number of prefetch instructions and the
amount of data from prefetching, numbers of prefetching
candidates are selected. Then the best prefetching pattern is
obtained by selecting the candidate with lowest value of
memory access. The prefetching pattern obtained from the
proposed analysis method is faster than without prefetching.
In addition, the obtained pattern is also faster than the
automatic prefetching feature available in the Intel C
compiler.
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