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FT5I2iE, WHEDENP CPU-GPU MO F—REkEAR Y, 707 AORE%
ERTDIBENDHD, FMM IZBWTIE, SREATY TI3EROZNTNRR DR
MEREOFHE T — ALK b, 7 — ABOKGFERITEHTH D, AT
BB 7 —ZXDRM 29 L. GPU EOEFIEL -7 = — ADRE %7572, T
LT FMM OJRET N TY) XA TH 2 KIFMM OREFFEE% OpenMP & CUDA
ZH\WT, CPU/GPU ZNZFAUIDWTEE(LZ ML 7z, EHELALZY T MNI T %,
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ERAWCHMAEI L., KiREFEADEEINZZ & E2RT,

Optimization of FMM on CPU-GPU
heterogeneous environment

KEISUKE FUKUDA,™ Naovya MarRuyamAfl
and SATOSHI MATSUOKA 112

This paper proposes optimization methods of Fast Multiple Method (FMM)
for CPU-GPU heterogeneous environments. Our goal is to propose optimiza-
tion and task mapping methods based on modeling properties of computations
and processors. Currently we focus on an implementation on a single CPU and
GPU environment. In order to achieve efficient implementations on heteroge-
neous environments, properties of computations have to be considered such as
parallelism and communication amount between CPUs and GPUs. In FMM, a
time step consists of several computation phases, which have different proper-
ties and complicated dependency. We have analyzed properties of those phases
and identified which phases should be ported to GPUs. Then we have im-
plemented optimization methods for CPUs and GPUs by using OpenMP and

CUDA, based on an existing implementation of KIFMM, a derived algorithm of
FMM. We have evaluated our implementation on a single node of TSUBAME
2.0 with Intel Xeon CPU and NVIDIA Tesla M2050 GPU, and demonstrate
that it achieves a significant speedup over the original one.
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CPU / GPU RS, Oy YRk, thee, / — R / — REUSES LT, A8
I 28 ) M T TREDOMREZ B2 N TEX DI DRFENBETH D,
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Fig.3 Example of V-list phase computation
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Thd, KIFMM 2815 S2U 7 = — Rk, box T IZHBE U ZBEM REIIKGTET D)
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W<,
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RBEETHWIMYTHY (2) & box flOFHHROHF T, K7L OMEAERE S R THsZ
Thd, 2FY, Ulist 72— RiF, EROEHFE L2  FWRIZHIRE O+ 43 23105 1 %
FoT\Wad, X517, KOMEIKRTH, Upward 72— A% HHL T8 7z — AL &l
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Upward 7 = — ADFBEEHIKFET S, DF Y, Upward 7 = — AL )L [IZFEL /-
& &, Upward 7z —ADL )V [ - 1 BABEE V-list O L)V FAFNIEHR T2 2 & A3
BETHD,

Downward 7 = — A(Z
FoTWw3,
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W% &, %72, Upward,Downward 7 =— A%, AiE%E 220U THY, &7 z—
RUd 77— 2 VO FE o O/ NBHE DITHI-~ 27 MVET B B,

o L HEFREICENDH B DI U-list & V-list THD., giHdd & B U-list (FH5
RRERERTH Y, SOMFINEE SOEHREEERD, —7%. V-ist 3VMIER FFT &
INBIBE AT H-R T NVREMR S 2 5,

AR TIERE U0 208, W-list & X-list DFFHRRIEZ, AT —Z THIRiT0
BLEICKIF T B, ANKRTEPE—0WTH D & D RGEITIE, W-list & X-list DFFHE &I
0THd,

BB EROFMER L IR U2, N IFK T8, ¢ & box NORAR 7. M 1
box T M ~ N/q TH 5, plda—F—IEETHHRALEEZ RTHET, 4 THEKEE. 6
THRE, 8 TEREELZ>TWS,
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Table 1 Computational complexity of each phase

Upward O(Np + Mp?)
U-list O(27Ngq)
V-list O(Mp>/?1og p + 189Mp>/?)

very small for uniform distribution
X-list O(Ngq) for otherwirse

very small for uniform distribution
W-list O(Ngq) for otherwirse
Downward | O(Np + Mp?)
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GPU TNZTNIZE T D RN L FEE L AR T I HENDH D,

ARETIE. Ying 59 12&% CPU L TOBEREREIZEE2MZ, CPU TD OpenMP
%AW Ai5E RO GPU ETOMFIMKIC L D ZRER & KU T RIS EE{LZZR T
X232 e ERY, BARIIZIE. Upward 7 =—AD > 50 Upward(S2U), U-list Zxi% &
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Fig.4 Time of each phase in serial
implementation
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Fig.5 U-phase vs. Other phases on various g
it\%@GPUK;%%%%E%otvmaKomf&gHTwiffﬁuT%é
FFTW ORAEIZBET 2 5ot % 78> 72, BERICIE FHEZLICFFTW @ plan % {E
LT\ ZA, EEHES plan DEFHEZX 2 Z £12& > T OpenMP %% - GPU 5%
DOBFIHE U TRz EZR T D 2 LN TE 72,

3.2 CPU X%

CPU ETOMFI{EIZIE, OpenMP % v, FHHE 7 = — ANOKFEICERE L 2D 7D
7'F BWAFAET D for V— T EWFULL 7=, ARFGTIE FERNZZIEICHT, CPU,GPU %
NTZNZDWTY VTNV ry NTORRNRELE R 5225 2 ENENTH D720, CPUL

ZHUT LI ALY RBEID S THNE K ITHIBIL 72, 2 DRI DWW TOFEM I
DIHTHBR B,

Ying 512 &2 EKTIE, box FLOHAMEMZFHETHEIZ, DGEMV B VT
%, ERIJIZIE, target box WD T % ¢;. source box W@*ﬁ?’z’: sj &U, =2V K
AU ZAEROMBEAEAOITHN {1} = {K(ti,s;)} LRBHTED, NI source K
T density "' TH 2D (df) NT P ENTFDZLIZE ST, target K t; D density (ZH
HIND d BRI NE, ZHIEHEMNZ (1) RO KD IZFH-RI7 NVFETRST LT

x1 density (&, EAI T CTORILEM, EHMETCSATERL R22YHETHD
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x5,

dt = Id* (1)
U2 U, DGEMV UL DA —/)N—~w REZERT D L, —2IVFHRRHCRIRCET
BOIED BHENRNZ LD R>2DT, REZISVTIHEDOL S ITEHEEZ{EL T
Wb,

3.3 GPU x=%

AHITIE. 2 GPU EZROFMICOVWTRHR T S, GPU FE&Id, FAFEE CUDA %
FWT NVIDIA #0 GPU ETHIFU 7=,

F9, U-list 72— ZADFHBEIZDWTIIRD, iR & 512, U-list &, 6% box [H L
DEHFHETHD, TITE, HEB%2%IT5MD box DEZ target box. HHE %5 2 5l
@ box D Z & % source box LIERZ 212§ 35*2, U-list DLFHIL, target box {22\ T
DN—TeRETILETED, TNTNOD target box (ZDWT, TD U-list M%Jﬂz’&é
source box N5 DFELHB LU TR LU HDOES, GPU ETOD U-list A& FET 51
7o THEBIANEIE, EEHD source box 225 1 DO target box (& XIAANKETLHDT
MSPDORGPNPBETHE I, £/2ZTNTIO target box D U-list 23X D box T 2 »
% GPUICET I LAREL BB L NS L THD, £z, CUDAKBITEIZ VY Ry
A, ALy R7Ow YA XD LR METLE2HENH 5,

%¥, CPU TOMFHL L FARRIZ A —F I L 2 HEEFADEFE L HIZ DGEMV 285 2
BoTWE &2 BEBIEIZOVTIR, HEMEME DGEMV & FRHZFEITT S L D127,

ZT I T, ARTIE, 1 D0 target box (BT 25HEZ 1 DDOAL Y R7OY 70475 %
RERD, ALY R7OvIZNTR, HAcDORFIZ1I D1 DOALY RWE) Y THhD &
SBEARER -2, TNTNDAL Y R70OY 7121, ®H &5 target box ® U-list &
2% source box DY A RMMEX N, N—T%2FHNTETD source box RNDREFIZ DWW THEF
HalTD, ZHUED, lx DR FADEEIX 1 DDAV Y RBPFEFEEFEODOT, FHEAA
BT 2RO BELNZRN, V)W RY 1 Xk target box DAEE Uz, Zhutkd, &
target box IZDWTCEEAMNTHOND, BB, VY R ALy RTOy 72191 A 1
RILTH D,

Kz, Upward 72 —AD S HD S2U 7 = —RIIDWTiRS, ZHid, box IZJET S

*2 & TOD box DFUZDNT, HWIZ target box THDEE L source box THIHEMWHIRL TS Z LT
mXhzw
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BTPE box NeRT2FELDDIUHMTHD, Upward 7= —ADHTH, NHLTDh
FHL box BMHEEIZL L, KRERFEEZLHOTVWDI LA M 3115005,

ZZTHOLN TV B EEIL, BT box 2 HXY BHE B L1294 % density % HEBX
FINGEM T 2B TH DA, Fhi X & UTIE U-list EFLIL TV, box DHULEZEDN S
PERC U 7= ZESRIE TR AF S 2 B D AR AR 2 KU U T box WKL 70 S EHEIE L [H U
BEZAT D, A7 target sUBFOMEEIL, AL T 150 FE, @B T 450 FETH Y,
+HBAFEERE> TV, &5 T, 2TO box IKFLTETRERIN1 D U-list 2/FKT
528Li2&-T, Ulist 72— ATHWEZIV—FVEFHUTHEZITO e TE S,

2B, NVIDIA #4424 L T\% CUDA SDK (28 EN5 ¥ =27 )L GPUGems3 T,
N KRED GPU HED ML FHEE UT shared AT D % V3 HENRINTVSY,
Fermi METDHAD GPU IZHWTIL, shared A€V 2 AWVD Z ENFIFBHETH>2, L
MU, N—=RTZ7F ¥y ¥ a%fifAd Fermi A TIE shared A€V ZFHTB720DD%
FEaHIZE o THRR>THENHEATIHAEHY. PELTUEAVAZIEINERIILD
LIRS B, SEH 2 BV 2D Fermi D GPU TH 2728, shared A E Y IZH
WMz, 727U, EEHES shared AEVEZHWS Z LIZ& D, X545 R bAER
TXBHEERIFER>T WS EEXLND,

4. ¥ (i

VI FINVDOBRESE, OpenMP 12 & 2UF[EEE, GPU I & 2MFFEEDENTNIZ
DWW, TSUBAME2.0 D¥—J — R& AWTHAEZ G L 72, BARMZRBREIE R 2 105
U7,

AHETIE. OpenMP %A\ 7z CPU #Ai5{b5E% & GPU & OpenMP % #l &8 723514k
FEEE LU TWD 5, FK4 ik CPU & GPU DILIRIZBWTIRY 7w N BAL TO A A
SETHDBEHEZTWS, CPU Tld Hyper Threading AR XNTW5 72, ot A
MN51E 12 core D CPU N2 2HZ0DEHIZHZ S, dHliTlE. 1V 7w N ED 1 core d

* 2 FHHEE
Table 2 Environment for evaluation

| cpu GPU
Type Intel 6 core Xeon X5670 x 2 NVIDIA Tesla M2050 x 3
Freq 2.93GHz 1.15GHz
Cores 6 x 2 (with HT) 14SM /448 cores

Memory | 54GB 3GB
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720 1 ALy RAPFEFIZE D BTHEND LD ITHIEL 7,

BOBALEED BN R & § 5B RFEHE L UTIE, Fx D OpenMP EHETAL v Rix% 1
EUEHEDEMAVZ, WINE Ying HIZEDFEEI LR >TIINEMN, BB L&D I
FTTW O plan OFFANRINT VAN L, FERIZEFEN 2 FETORELORMIATK
Emorzzh, HREULBNT & & Uz, 3l U 2R %04 1,000,000, KT D53 HUTE—
R E V72,

F9, BREED, ¢ DEDOELIZ & ML E (B 4) IT5RT,
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Fig.6 Processing time of the 3 implementation

on various g

SHEOEE T, ¢ =256 DFFZBENT, H—FHICB W TIRIZIEFRE L BAWVIET O W-
list, X-list OFFFRERIAKIRIZH A TE Y, RKEIEAHTH 2 08FE%E EoNTEZ L Bbh
%, =120, ¢ =512 IZDVWTIEIDOHRIFIHEL TR, ZD2D2DRITDOVWTHRT
HA2 ¥, OpenMP . GPU fRDFEHEAS, ZNZFIERM IR U TRIEA &8k % E/ L
TV ZEeMRbhnd, BARIIZIE, ¢ =120 I2BWTIX, ZERAKIZH LT OpenMP AW
5.3 f%. GPU BiA 7.67 %, ¢ = 512 128\ Tk OpenMP A 5.9 £%. GPU KA
35 FDEE LT TNTIER L 2, /2. OpenMP iKY GPU k% likd 5 &, SmHDEL
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HOHPHTlL ¢ = 120 OB H & & 2FRE & UTIERE L 2D, TOROFHHERHE %2
g5 &, GPU MM 1.4 f5E3E e o7z,
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Fig.7 Breakdown of execution time on varying q

gMPRELBRDIHEST, 2EKITEDD U-list 7 =— ADFEHLENZ R Y D7 = —
ADFEREEILRD T D Z MR TE, TDEHATE GPU &AW/ FEE T2k UTE
FREANIZ SN TND ZERBETE 2,

5. BEM R

FMM I%, Greengard 5% (Z& > TRANCIREI NIz, TOH, W< DPOWEPLEFA
RBEINEN, BEELLHMONTVWSDEFARTEIY EIF7: Ying 57 12& % KIFMM
TH 5, FMM & KIFMM DEWE, KF% box 15 J — RAL FLDTHW S BOFE
ZHb,

Lashuk 5%, GPU ET® KIFMM OEZEIZEY M, BREEEITH LT 30 5522
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