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A Performance Tuning Strategy Based on the Roofline Model for Vector Processors

YOSHIEI SATO," RYUICHI NAGAOKA,* AKIHIRO MUSA,
RYUSUKE EGAWA," HIROYUKI TAKIZAWA, KOKI OKABE?
and HIROAKI KOBAYASHI

Over the last decade, the ratio of memory bandwidth to computational performance (Bytes/Flop, B/F) of
vector processors has decreased. To cover the insufficient B/F, modern vector processors are equipped with
an on-chip vector cache. The purpose of this work is to establish a performance tuning strategy to exploit the
potential of modern vector processors. When several tuning techniques are applied to an application, there is
an explicit trade-off between individual tuning techniques. Therefore, a tuning strategy which finds a good
trade-off between individual tuning techniques is required.

In this paper, a tuning strategy based on the roofline model for modern vector processors is proposed.
We focus on two important loop transformations. One is loop unrolling and the other is cache blocking.
To decide which of loop unrolling and cache blocking is performed first, the roofline model is employed
to analyze the performance bottleneck of a target application. Then, the optimization effective to remove
the bottleneck is applied to the application preferentially. To determine the number of loop unrolls and the
cache blocking size, we employ the greedy search algorithm. The superiority of the strategy is evaluated
with several applications. The evaluation results show that the strategy can improve the performance and
also drastically reduce the energy consumption.
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D, TR EERDFHINC KIE I 5082 & i
ICPHIiS % T LD ARETH 5.

Turbulent Flow Turbulent Flow?! 37+  JLVELIRIC
B B WIRRROMENT 217 S B RO 70 5
FLTHB. RN, #iDR, BXUTF
EIX =7 ZAHEXTHD, 5HE7ILTY XL
IZ1& Practional step {£EZ AWV T W5, ZEBERIL
WIFBREDERZHV, ZOoREE LTiRmRNT
] & 278V TTNC 4 THEEHUOAE 7, BEFRE
FINTIE 2 IR DR ERBRME -2 FV T 5.
RERTMET TId, BERE M ORMEEICR LT 2 X
WIS - )by ik, ZOMOIEL 2
TIEET ZBLA <IN 2 T A —AEEANT NS,

53 B7TV5—2avIcHBiid R bRy ViER

AEITE, &7 TV — 3 BT BMROR -
Wy TR 21T 5. 6 IR 55 NTIL—
T34 VETINVZERT. MPOHIIZF vy > oz
WEWES, BAUEFryy v azH0a5EERLT
W3, FyyyaZfOEWEETIR, 2TO7 7Y
=23 VICBOWTTHEEEDN 1 Z2 FHEl-> TH O iH
BHRICHNRTT—REEENZ k> TWV5. ZDJ
&, Matrix Multiply, 7% Stencil, Land Mine, 3 XU
Turbulent Flow ®7 U —3 3 VIEATU NV RiE
ICHBEREN TV S C e NS, JHHIC Barthquake Tl
AEVYINY RIEO EEASIZENTEBO, EEHIR B
Wy 7 &8> CT— ZEEEReZ Tl T
BN Ehbhb.

RIZF ¥y T a ATBVZHVWBIEETIE, £2TD7
TV —2 3 U THREM L L TWSD, &7 7V 7r—
a EIESNAMRER LOEIGNEES T AR
THIN%. £3 % Stencil & Turbulent Flow TI&§) 2 1%
OPEREn EMFS5 N TS, ThU, W7 7)) r—3
VLI IRAENRE S, BuFyyaky b
RBeBHI LIickb, FRATUNY FighEmi 7z
7z THS5. LHL, #% Stencil 1FARIZICATYINY
RgICHEERE N T WS, F7z Land Mine Tld, WY
JRFTEDVINE K F vy ¥ aZifhd T EHNTEIMEE
[ EEbhdThTHB. LizM->T, % Stencil & Land
Mine (& 7°0 75 Lo bic X % R0 R ATE o MEEE
HENRDONS.

Matrix Multiply TlEF v > 2 ZH\5 T & THEIT
shERIk M B9 50, WHAEREOR & X TERITHHR
DF EEDIRv. ThiE, FryaOFHICED A
EUNY RIFOR V3w 7 DMREET 52—/ T, &N
N— T OEE =% I U OEIE A U T
Wb EEZHNS. £z, Earthquake TIEITAR X
TRV I TREVWEZDF Yy Va2l k> THELNS
BRIZNEWD, LTehoT, Thbso7 S ) r—v g
NINV—TNEROHE R L, WE/ A T S5A4 27z
RN E S B2 0 END B,

BLEDN—T 54 /N KBS RTIEO N T T
V—a vORERIC L TRt RS . REiT
BT 77— 3 EOREEDORHIRIC DOV TIENS.

5.4 B CEEROFT

B 71287 7" r— 3 i LRI 2w U7z
BROFIHFE SR (proposed strategy) 439, Mt I v
T a WOV L OMREM FRZ2RL TS, 7%
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mnon-opt (with vector cache)
mproposed strategy

non-opt (without vector cache)
o m independent strategy

§ 3.00 288 2.68
£ 2.47, 244
g2%0 1.95
$ 2.00 1.69g

1. . 3
R 112t 10 1.00 084 0,505  166%00
£ 100 -0 050 0.7 55 07
&

Land W

Matrix Multiply 7-pt Stencil 27-pt Stencil Earthauake ine  Turbulent Flow

7 el EEIRIC X B PEREr

100%
50% Independent strategy
i *Unroll =8
S . -Blocking size = 128
[lnd 25% Proposed strategy
B 1ststep : Unroll = 8
2" step: Blocking size = 256
129+ © non-opt (without vector cache)
° @ non-opt (with vector cache)
a Independent strategy
m Proposed strategy
6% ‘ ‘ : : ‘ ‘
1/16 1/8 1/4 1/2 1 2 3

WEBE (Flops/Byte)
8 Ik E D)L —T F A ~E T )L (Matrix Multiply)

BAGHI T, 589 2 mt LI O A2 R 9 /e
WIC, {7175 LEEICBOTHNIC/ ST XA—&
BR2T> T 07T Ll b2 9 % §kIE (inde-
pendent strategy) & #lli L, f2ETHEL LT 2.

FHFERMN D, &7 TV — 3 VD FEREN
BV TRLEWEREZS SN T &N 5. i
TRET TV r—3 3 S 3 i CEIR D5 2%
APV 7L THELT 5.

541 BEDLDRMVRYIERBRT TV r—ay

lCx 9 % B LEER DFH R

HENR VR 2 27 TV r—2a v Thb
Matrix Multiply & Earthquake | $2Z2HEI% %2 5#H 9 %
&, M7 TR &SRR EAMS 5N S . R
{LERRE DRI E FERIME 3 B 72 I, s bERIgIC X >
THEENE T 0r S Lt OMRZ IV —T 54 >
ETIVCIRTT 5.

X 8 IZ Matrix Multiply < 5t b HEME 2 6 U 72 B
DIV—=T A VETINERT. HEDNR LRy 7T
H 578, PIDIIV—T7ra—) VI EEAT ST
LR, TR S ERDNL—T 7 va—1) I
£D 338%h5 972%F Tl L9 %, —TF7a—
U VIR E R AR OMAE, V— T DN
HlRChnZ, 27 hla— RaahEligkE sz T
H5. K7 TV r—v 3 TR, SMIDLV—TRTT—
ZEPAL, Fyya XEUNET—RIGATES
BCHAMEIET B, TORGNE T >a—1) > FEEAd
BT LK DERNV—TTHEEN, LYZXZETT
IR AR[HEL TR D, T OREE, bo— RarphHRE h
F1— XV DB BOEIEEINL, HE 1 TS
A VR E ST BN TE 5.

W—=T7oa—) kA UT%, E5IcFry
vadnuayF BT A LT, Bhoo— Ry
BBV TF vy ¥ aDFIHENT 97.9% E THREL
+9%. 20—)57T, MIISEAT 355 TE, Fvv
vaduayF U ICEOMEMERTL TN,

Tra—)yr iy oI B TS HEED b
L— RA T 2ENTBI-0ic, Rolkcrvu—J vy
E7my R T OMREOBFEERT. KKD, 7ra—
VYT ETDRVEERIZTa w7 A X 128 D
LENRETH DD, 7ora—Y v FBEEEDTIC
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B 0w —exmn a6 4§00%— —=non-unroll
T 400% “af7%  -wunroll =2
L '_'—/N4% -=- unroll = 4

005 | 338%  338%  34.6% |
i 8A% .. unroll =8

0.0%
1024 512 256 128 64
PA=DE T A S Y
9 Tru—VYIBET Ty F 2T A AOMF (Matix

Multiply)

L7zhoT, 1287w 79 4 X3t <
5. UL, Tra—Y Y TEEHBEINT %I Lz
Mo TARY Mba— Raahidb L, EEGoOEE
MDEMT 2T EAEEL TS EEZLSNS. O— R
MAOWWMNCEDF vy v a AT ORRIVNE 7
5—HT, WEMTORGHEINUEE A TS 1>
DILE EDND AT EL TS, £ LT TRy F
TYA XGRS S, ThbBENT MVEZRENHET %
T LK OB S TS5 A > DVLE EAYD KRR AN
L, MREEDR FEEL. cDksic, V—F7ra—
V&> T TS LOREIZLT B ATREMED
oD, FyvadayF T EEATIIGEIC
X7 o= FE %I SRR 2 T, o
fif 72 B REND B . i

542 AEUNVFEDRMVRY I ERZTTY

T—2 3 VIEY ZRE{LEE DR

ATV RIEWNR M)V Ry 7 L7554 Stencil &
Land Mine ICERHENSZ 8 H 9 255, 7RI &
IITHRED M FRIFRKEEHE 5.

Stencil Tl&, 7-pt Stencil IZ LT 27-pt Stencil DF5
PERE E OIS DA Z V. FREMRIRIC LA - T
MENimlEtzlEsT2 e, Eb68Fyyiar
Oy F KB EREEDOBEREB L TWS. LHL,
T-pt IZLEART 27-pt OFTHK D #57 THBIRT B RS
MWL, TptTRTAYF I A X% 128195
& TCEITNRD 23.4% 0 5 28.6%\ & [A] 32 DITH
LT, 27-pt CREKED T T w F 2 75 A X THRITH
BRIN23.4%H 5 457%F T ET 5. —J7, ALK
WLEEH T 355, Tpt CRL—77ra—I 5
BWMHT B ETFryyiaby FRMERL, FO
FER, ERMMEREME R T S, £z, 27-pt TR a—
VoA Ko THREN M LT 2H, Tavdr Fab
Hd % X7 MIVEDEBIC X O MEMETT 5.

UL, 7-pt &850 27-pt T, Ty F2 T DH
EHiTHEX0E 7 va—Y) YT OREMTHED )T
DEWHREMEONZGENH 5. UL, AT
IVOFEDENMNI K> T, 7ora—1) I X 58N
B30 TH5. 70— YITHRAEYT LA
INR—=N\GZ B REZ DL, 7on—1) JIC
Ko TS TR RRICEHTET 2728, HET 3
AEYT RLAW L EIOT 72X THER, ATUTY
Y ZOHBRDFIRETH B, n RO 7 >a—1 V7 &
O Ik e/ E2EE, 7-pt Stencil Tld 2(n— 1) T
THZDIH LT, 27-pt Stencil Tl 18(n—1) EHET
HB. TOXII, REBAT VDN va—
U UAHES XEY T 7R AHRENE L, 7oa—
VYT OREREZLRT V. T, 7oa—Y vy
BFrviaby NEANEZ B REZDE, TV
O—1 » F &0 WA TS Stencil FHITEHTd
% 3 PHZHERTENIERE I AZ AR TE B0,
72—V Y7 %755 TIERS Stencil HICBHES
BRTOFHERIFT E2R0END B2, T—RED
L, AEMEIAREDFyyraby BRMET
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22%

@ non-opt (with vector cache)
a Independent strategy
m Proposed strategy

Proposed strategy

" =— 15t step : Blocking size = 63
= Y 2% step: Unroll = 1
R & "
] & /‘ i
& H
B B Independent strategy
¢ “Unroll =2
“Blocking size = 63

15%

015 0.22
EEZE (Flops/Byte)

10 ol LS E MOV —7 54 > E 7V (Land Mine)

20.0%

18.6%

18.0% {18% 2

) 0% 17 6 e AZ0%,

S (o X M N ~non-unrol

& 10.0% T6.5%_~ - Il =2

: 2 ®16.1% = unro

R 1y --.f.:.-w%]y -=-unroll = 4
“131% aunroll = 8

12.0% : ‘ ‘ ‘ ‘
1024 512 256 128 64

IJRvFoIHA4R

11 7rua—YYTEHETayFIY 4 XOE% (Land Mine)

9%, 2DOTEMNS, ATVVIVOREICEX->T, 7
va—) VI OFMENRE S D, #EicEbeTz
(ST A—ZORENLEL KD,

I, Land Mine 1 DU C it LHkIE 5@ U 72 BR
DIV—=T 54 ET)V2IK 10 1TR7 . TGS 2 v
AT, FTRMRY I THEAEY NV RIE
FUET SHHICTF vy aTdayF U ThER TN,
ZORR, FUTRHEIZ 16.8%H 5 18.6%F Tl Fd 5.
— /T, MILICERT 256 TlE, St TR
THH 2807 a—) 76307 ayd 7y
A ZXFEBWHLTVWS. LML, 7rva—Jr7ick?
Fyyaby MROMJTICMA, FT MUK S
VB END IO IRE, BEHWICERER NI
LdV, fERE U TR FZ2HEL. 2Dk
12, XBRUNRYVEREBHRRMVRY ZOT7 TV r— 3
VTCRT va—) N E NIT RN S T
», FyviaduavEF U AEABICOLV—TT7 o a—
V) VT DREEINT A— R ERERT DHENDH S .

11 1C Land Mine ICHB1F 57 >a—Y V7B L
TayEF A XOMFRERT. K&b, 7ra—
V) VI EPIDISERT 56T, 7ra—1 7
FoMRem ET 3D, KcTdayF o IEEHLZ
LT H RN FIZES NV, BRICK->THE
SNZEEEST A—&IE, 8RO va—1) T
HORFHRCKED, REDINT A—27%155T EWNT
TV, =, FyvradavF oI EYIDICHEH
TBHEETE, TayF Pk B MR EREN L
e b Trrva—) Y OBEHAETH S, DT &
5, RMVRy 7RSIk b, moic
SRR ELZRINT 5 e TE, MRELTE
ROEGHEL/NT A— 22155 T EDHRS.

55 HBIXIVFOFHE

N7 MV TaY Y I B 5 S RMEE R, ©
FUCHES FEEVRIIHIS B 72ic, THERT 3 ILF DN
BEEAHFECTHS. T T, AEICERHET LT
OBIEN S, T17T LRGE LIS O AR 2 3l 9
5. FHMliGER, AAMVABRVEFYY T aDT I
AFEIalL—racKEHIIL, Bonks
DEZNTNTHE S NIHEI VT EEHT 3.
Fiz, ARV T 7 LRTHDBHET VR 100 ut
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non-opt (without vector cache) ~ mnon-opt (with vector cache)
m independent strategy mproposed strategy
231

222
117 119
1.0I o6 108 %00

Land Mine

~
o
3

o
)
8

1.92
143
1.00

1.00
3149 I}%137
Ii m

7-pt Stencil 27-pt Stencil Earthauake

138
1.00 10620

.82
'

Matrix Multiply

o e e
@ 9
s 8 &

Energy Consumption

Turbulent Flow

12 7% T RV F Ok

ELUTHFM U E NS, 58, FyviaXE
V) OB T3V F 1T CACTISA2? ZHWTCENT 5.
BT TV r— q YIRATRHIC BT SIHE T3V 2
121279, 7xds, ARG R Rl bz o
BOMKRTIERT 5. FHHii L D, Matrix Multiply *°
Earthquake TIEIEZEHNG 2 V2 C & TIHBE T R IVF
M7 EHPKATRETH B ehbhb. chsDT Y
r—a T, 7oa—U A&k AEY T Ik
AEBHHRATRE R C LIz, RO DRAEY T 7+t
ADEZL EF vy ah bk dT 52 ENTEB 20,
ATV T U AICBED BB RIVF D RIRICHRE
N3, 2OX3IC, [HEIIIVEFORKENAL IV XE
UANDT VAN, MBEIZIIVFONENFyy o
ANDT VL ACEEWMDB T LT, TV r—2a
RRDIATICHET BB T IV F O FIREL 75 5.
% 7z, Stencil *® Turbulent Flow Tl&3F vy & o &5 H
% & THRITHROERHONEL H O 6 BOHHET
ZIVFHBAER TE %, Land Mine T& [EREICF vy
aHHT 3 e THET X IVENEIRE NS D,
M7 TV r—a U TF vy v aky hEREN
Wiz, HETXIVFOHRIE 4%ICEE 5.
DLEDRERDN S, Fvv P azfnsdl & THET
FIVFZHNKS 5 T EAATHETH D, & SichE(kic
K0T vy T aZEHT BT & CIHE T XIVEHRD
MRIEEDOKRELIRB EAREI NI

6. ¥ & &

RFFOHMWIE, Fryy P a AEUZHT ST b
7oty BT, TOMREZRABRICTET %
re»OTUY T LI O THS. £ T,
=T A VETNVRRVIER DLy Z TR
W TS L b a1T S itk 2 2 5 U Tc. Ak
{LHRIE Tld, EBORE(LDOERIEFRZET 5728
2, =TI T NWVEROCTHEDR MLy 7
O ZITS. T LT, BATERDER LIy 70D
frEIC A M e b2 B R L, SR T 10D Ly
WL FEZHAEDRDZENTES.

K7 TV r—vayHVT, Rt L IHE T
JVF 72 U 7S, Fhine Cld o s A G & b
U TR TR 3 EOMERER EAE BN, & 5ICHE
TV FTIEH 7 BIOHIZER LTz, X7z, HWIC
5.2 %5082 18 9\ RO RGE(L2EH 9 5
BT, SEREEAHA LAVIERME NS 50, &
FEZHME T ROE L DNEF T e U785 A — X %
115 T &I K DRI EE L AHA S DR ATEET H
BTEMWIBMCAEST.

KL TRIIV—T T A VBT IVORIFIZELEER T b
W7 —FT77F v TILKHVWENE VAT LTHEAT
BY, BT 3MTT LEILICDONTERS b
WT—FT 7 F IR U TEZ 2OV Tl L
Jz. LIz T, R TIE NEC XY MV T —F 7
T F v I DTS OFMZ 7o 723, Cray 7
EDMMDRY MV T —F 7 7 F v ITx U T B RSk
WHEHPRETH D TR B.
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TROPEL LT, @disimiiifts S5 A —2 DR
WATRECH BT IV AV X LOBE BT 5N %.
BT %7005 Lt A B1icON, (ks
T A— 2 DERICE T BT DA DL O
TS 2728, @R V) XL 7R
BLEZLND. ZTT, HROKERT VI X L%
WAL, Rl 8T X— X OYRERIFHER, §5NM 5k
RIS DV CERMICHHITT 2 080 H 5.

BEF  AWIED I SGRRAE NI (S) Sl
FS 21226018 DFFFE 7T 27 b [XEZT11y T
WEHRRIC 1A 72 KR CFD OWFZERIFE] 12k %.
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