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Abstract: We develop a GPGPU implementation for singular value decomposition of square matrices based
on Bischof’s algorithm in double precision arithmetic. The performance and the accuracy of the implementa-
tion with various parameter values (band width) is evaluated and compared to LAPACK implementations for
CPU (MKL) and for GPGPU (CULA and MAGMA). The accuracy of singular values and singular vectors
by our implementation is comparable with that of other implementations. Our implementation executing on
a GPGPU (Tesla C2050) is about 3.9 times faster than MKL executing on a CPU (Xeon X5680, 3.3 GHz,
hexa-core). Also, our implementation is about 1.8 times faster than CULA and MAGMA executing on
the GPGPU. In addition, the breakdown of the execution time is analyzed in detail and some performance
improvement methods of our implementation based on the analysis are discussed.

Keywords: singular value decomposition, GPGPU, performance evaluation, accuracy evaluation, Bischof’s
method
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Fig. 1 Performance of matrix product C = aAB + SC and
matrix-vector product y = aAz + By (z,y € RV,
A, B,C € RNxN),
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Fig. 3 Transformation to lower band matrix C' from dense
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Fig. 5 Bidiagonalization of lower band matrix C' by Murata’s method.
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Fig. 6 Combined matrix for inverse transformation of Murata’s

method.
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ENB. LALAEDS, (1) 25 (4) OFNEIZIZERMD
HbIzDOF =Ty E/7 LCEITHIENTER N,
D70, (1) 25 (3) DFEITREMD Miitrylft &k ot
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¥ 1 MKL, CULA, MAGMA T ENAEE N —F
Table 1 Subroutines used in MKL, CULA and MAGMA.

BN AATIO
e d vkl TS AB 5T A
MKL DGEBRD DBDSLV DORMBR
CULA CULA_DGEBRD DBDSLV MKL » DORMBR
MAGMA | MAGMAF_DGEBRD DBDSLV MKL ¢ DORMBR

(3)Y, T % GPU A€V |I#5%T 5.
(4) GPU THER ENATHI % U/, VI I/EHSE 5.
LA L7%D5, (4) % level-3 BLAS @ =475 )L — 7

YEHWTUT) &, HEOBRB T T — ¥ O3 ¥ =%k
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WEH S 2 5.
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w5,
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5. MERERT
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e Bischof ® )0 CPU [} 9%, DUF, Bischof (CPU)
EIEA5,

o HizETikh-x7z, Bischof ® )7k GPU [MIf9%E, LI
T, Bischof (GPU) &5,

e LAPACK ® GPGPU [fji} 9% CULA. LLF CULA
EIE5,

e LAPACK ® GPGPU [ I} % % MAGMA. DL T
MAGMA k5.

72720, WENOFEETL, TEXAITH OB RS R
U, FERKEF SRt 1-SVD 74 77 1) [16] ©
R AV — 5~ (DBDSLV) 2#H$ 5. $77,
TERHAIE R L ONEZE#UIE, MKL, CULA, MAGMA T
3R 1 IRTNV—F »ZfH L, Bischof (CPU), Bischof
(GPU) TlREMEDONV—F » %l L7:. Bischof (CPU)
B L U Bischof (GPU) Diiili L X, 24 75 128 DFFE
EF XS R DATHI ORI DKL 72 B TR TDHIZDNWT
SEffiz 479 . CULA B X 1" MAGMA TIE#iZEHic MKL
DON—=F FEHENTVWAESD, TNE, CULABLY
MAGMA |2 MKL ® DORMBR (24249 % i 25§21 — 5
UFEEEIN TR WD TH A, CULA I X
AEDBRIH ATz ARV F4Hm s U #5HT 5 )V —
7 (CULA_DORGBR) AHEZE SN TWL 7, Hit
ALV —F Y OFMER TERIC U 2FE L, CULA ©
QR #:)V—F >~ (CULADBDSQR) WiETU = U U, %
FHET L2 ENRETH A, L LA S, DBDSLV 12
EZFD & iR b o T v, $72, FEERD
5 CULA_DBDSQR & CULA_DORGBR % i\ % J7i:14,
KIIRLHEL DFETRRIRELS 25282590 T
W3, 2T, RUEFEFHMTIE CULA, MAGMA 2D\
TEITRMPREE 258 1 IRLETEZHVS, At
BRI ClE, TNHDFEHER 2, T 3 IIRSNILETHERE
T, K, FEATREMB L OEONER, MRk (FLOPSfE) (2
DWTHIAE L. 7 A MTFNE S EES [-0.5,0.5] D—4k
BLETH B 2560 x 2560, 5120 x 5120 B £ U 7680 x 7680
TH % Fv 7z,

5.1 ftEERH

7 A M5l L LT 7680 x 7680 FTHI 2 M L7 & 2D, U,
V OB I-UUT ||p, |[I-VV T ||p, B [I-USV T ||p,
PR DR max; |lo; — oPC|| @ 4 DDA OFEAliR R %
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F 2 Tesla C1060 ~ 3 » OEHEFEERES

Table 2 Computational environment of Tesla C1060 machine.

CPU Intel Xeon E5502
(237, 1.86GHz, & 15GFLOPS)
AL VAT R 6 GB
a4 (CPU) Intel C++/Fortran Compiler 12.0
update 2
Iy 4VF T ar (CPU) -openmp -03
BLAS (CPU) Intel Math Kernel Library 10.3 update 8
GPU Tesla C1060 (78 GFLOPS)
GPU X £ H= 4GB
CUDA "= 3 » 3.2
BLAS (GPGPU) CUBLAS 3.2
YA NVF T3y (nvee) -03 -arch=sm_13
-Xcompiler -fno-strict-aliasing
gz 477 CULA R1la, MAGMA 1.0
oS CentOS 5.5

#+ 3 Tesla C2050 ¥ ¥ ¥ ORI HERIREE

Table 3 Computational environment of Tesla C2050 machine.

CPU Intel Xeon E5680
(6 27, 3.33GHz, &l 80 GFLOPS)

AV AE)HE 12GB
a4 5 (CPU) Intel C++/Fortran Compiler 12.0
update 1

a2 8f Vvt T ar (CPU) -openmp -03
BLAS (CPU) Intel Math Kernel Library 10.3 update 1
GPU Tesla C2050 (515 GFLOPS)
GPU X E) HF= 3GB
CUDA =2 3 » 4.0
BLAS (GPGPU) CUBLAS 4.0
I NANVE T3y (nvee) -03 -arch=sm_20
-Xcompiler -fno-strict-aliasing

Rz 477 CULAR13, MAGMA 1.1
oS CentOS 5.5

7, B 8RR, 722, BEOFMIZH G oPC (3,

2% MKL @ DBDSLV % 73 #&l#iiA )V — 7 » DBDSDC H-vu'| Bl-vv'| Ola-vzv'] Bmaxjo,—o™
ICE SR THEONAHRETH L. WTFNOFHIEE T 107°

b, WEIEIRMED 25T E o TwA, T/, HiE L

AL S G A IS FEROK R & o 72, 2560 x 2560, 107"

5120 x 5120 O 7 A MTHIZMH L7256 TH, kO

RBBoNT. TS DERNS, Tt D GPGPU AT O 1071

HEAG BE D F2%¢ Bischof (GPU) (X, Intel (Z X % LAPACK

DFHX, CULA, MAGMA 7% D> GPGPU [fl1) 5 n

10—12

3 £ R OMIER S5 N5 2 & AR E ML, o S $H FOF
~ Q',io? Q,\Z Y Y9 &
5.2 FTEMS & UMAE N ¢
5.2.1 MR 7 Tesla C1060 ¥ ¥ ¥ COMETMAER (7680 x 7680 4751)
9560 x 2560 75 % i L7- & X DFTH %X 9, 10 Fig. 7 Accuracy evaluation result of Tesla C1060 machine

12, 5120 x 5120 F75I & HiH L7- & & OEfFHE 4 E 11, (7680-by-7680 matrix).

X 12 (2, 7680 x 7680 175 =il L 72 & & O FEATHEH %
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Fig. 8 Accuracy evaluation result of Tesla C2050 machine
(7680-by-7680 matrix).
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Fig. 9 Execution time on Tesla C1060 machine (2560-by-2560

matrix).
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Fig. 10 Execution time on Tesla C2050 machine (2560-by-2560

matrix).
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Fig. 11 Execution time on Tesla C1060 machine (5120-by-5120
matrix).
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Fig. 12 Execution time on Tesla C2050 machine (5120-by-5120

matrix).
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Fig. 13 Execution time on Tesla C1060 machine (7680-by-7680
matrix).
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Fig. 14 Execution time on Tesla C2050 machine (7680-by-7680

matrix).
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Fig. 15 Execution time breakdown of the matrix reduction to

band on Tesla C1060 machine (7680-by-7680 matrix).
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Fig. 16 Execution time breakdown of the matrix reduction to
band on Tesla C2050 machine (7680-by-7680 matrix).
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Fig. 17 Performance on Tesla C1060 machine (7680-by-7680

matrix).
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BHTHY, SHICEHHALEIE %> Twhb. Bischof
(GPU) (321 b, FEATRR IR 5o %
EIEDECDS, B RDLTT B 5 a1 138 H)s
ARETHY), EEEFITEHIZEL D, NSO
%, Bischof ® 75 GPGPU [} 92%:13, LAPACK ®
CPU A1 5232 GPGPU [MI}HEE L R TEETH S 2
EDHERETE 5.

FEATREHONFRIZOW TR THA S &, 7680 x 7680 1751
DA, FATHERIT VTN OFHERERE C O N HE0M 2%
WA EL > TWwh, F72, Tesla C2050 ¥ » Tl
T 72 L = 96 TLEATHEOFEATRM OFI 25 19% &
FHEOMERI N TE C, FETREMD L = 96 DA
IRWTHEW L = 128 DA HED ED 5 E&413 &
DICHRT 5. KD/ S WATHITIEAT HE D FE TR D
HOLEFIT S HITRE V. THRATIIEDEI TR D NER
RAHE, WIRLAKREWEEIZTUy 7)) 7L 7 D%
D EATHE AR {, Tesla C1060 ¥ ¥ » Tl k 21%,
Tesla C2050 ¥ ¥ ¥ Tl K 33% % HEHO TV 5 2 L2550
5. MEOHE LT T 7 % e TR WA, 2560 x 2560
1751, 5120 x 5120 75| DFED 7Ty 71) 7L 7 ¥ DL
Ji D EATIE R O HEI A1, 7680 x T680 {TH DA L Y B &
LIZK&ELoTWA.,

12, Bischof (GPU) OMEREIZ DWW TIER S, 7680 % 7680
TR L7 EoMREL R 17, B 18 (IR, 72721,
HBEIE (AL FE R FHER) /(FEATRER) 12X o TROTW
5. F72, Mo CUBLAS O KUERE & 1E, 750K EDS
F R EVIESTTHIRE C — AB+C, A, B, C € R4096x4096
REIME L7 EOMREZ /R L T\wh ., Tesla C1060 ¥ 3~
fERECIE, RolmiE L =64 T, FTiatrylibss¥— 2
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Fig. 18 Performance on Tesla C2050 machine (7680-by-7680

matrix).
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THATHLDSE — 7 PEEED 30%, #HIEOMZEIDS 16%,
TAATIUL DB ERHT38% & > TV D, WFhovy v
TOHRMEOMERO Y — 7 R 7> TW A AT,
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TWAZEICEELZTNELE S v, —77, FHERE
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AIHTIE, ATEHTORHRGRICOVWTELE 21T .
Bischof D EDKEDMEE  Tesla C2050 ~ > » ff F b
DY — 7 PEEEH L Tesla C1060 ¥ ¥ > &I T
Twflie e oTWwW5, 2N, 1TIRENS LI 1T,
Tesla C2050 ¥ ¥ >~ Tld CUBLAS OPERED Y — 27 MfE
DOORIEETH LI EVHKD 1 DTHAHEEZ LN
%. L7255 T, CUBLAS OMEEDTTLE S N2 ICIE
PR L5 EFHRENS.
KU, THATINLS X T AT LD D 2 DD A
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WSRO MRENL, [ 17, M 18 1I/R &N A £ 912 CUBLAS
DE—= I HREL AR THENMEL Lo T D, TNHDA
7 T, HEDORESTONC — AB+C, A € REXK
B e REXE ¢ e REXE RATHIRE (70 v Z7475|X 27
MUVAE) &, C— AB+C, AcREXL B e REXK
C e REXK Ip41hIFE (5> 2 LEH) L LT Tbhb.
72720 K, THtribClid N—L,N—-2L,...,L L%
PLTwE, THTIUb oML TIZ L, 20,...,N &1
KLTwL. ZD &) BIEDITHI#% CUBLAS 12X o
THEAT L7 & EDOMEREIZ Tesla C1060 < 3 >~ TlEX 19,
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B e RKXE, O € RI*E BETHIROTEE
Fig. 19 Performance of matrix multiplication C «+— AB+C,
A € REXE B c REXL C ¢ REXL on Tesla C1060

machine.
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Fig. 20 Performance of matrix multiplication C' «— AB+C,
A € REXK B ¢ REXE ¢ ¢ REXK on Tesla
C1060 machine.
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A, Fafrsfl, TaATs oM H O EELS CUBLAS
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Fig. 21 Performance of matrix multiplication C' «— AB+C,
A € REXKE B c REXL C ¢ REXL on Tesla C2050

machine.

E—OMfEE ===+ CUBLASERKIFHEE
ML=32¢L=64VL=128 AL =256
600
500
400
300
200
100

148E [GFLOPS]

00 1280 2560 3840 5120 6400 7680
K
22 Tesla C2050 ¥ ¥ TO C «— AB+C, A€ REXL,
B € REXK | C e REXK RIATHIRE D14 HE
Fig. 22 Performance of matrix multiplication C «— AB+C,
A € REXK B ¢ RIXKE O ¢ REXK on Tesla
C2050 machine.
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< + + +
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MR D O A 121E, Bischof DD EEENE R TH
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ARITERT B L
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&%, 2721, COEFVCEHHEEOHEILIZ1 20
2 EATHREE LTHALTWAS Z &, HHED
FEATR I Z L TV A DI TN ORBENKL 25 B
ENDH AL LITERE LTI R S v,
PERERTAR CHEH L 72 Tesla C1060 ¥ 2 >, Tesla C2050
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% 4 Bischof ®Jj#EE L U Dongarra ® 7 )V T AL Tl 15 BLAS
Table 4 BLAS used in he Bischof’s algorithm and Dongarra’s one.

EL0N Rl 5
Ty 7ATHIR 7 PVEE GEMM1 C—AB+C,
AERKXK, BERKXL, CERKXL
77 L HH GEMM2 C—AB+C,
AGRKXL, BE]RLXKy CERKXK
HERATY IR GEMM3 C+— AB+C,
AGRKXK, BERKXL, OERKXL
THIR 7 b IVEE GEMV c— Ab+c,

A€ REXE b ceRE

& 5 Bischof OFEICBIT HHH /Y — v LifiHE
Table 5 Computational pattern and number of floating point

operations in Bischof’s algorithm.

25T Wy — 2 | AR
~ GEMM1 | 4/3N3
TSI /3N

GEMM?2 | 4/3N
[N RER ORI % GEMM3 4N3
GEMM1 2N3

T T O ZE R

" == GEMM2 | 2N?

% 6 Dongarra O 7V T A LIIBITAHEE /NS — » LA R
Table 6 Computational pattern and number of floating point

operations in Dongarra’s algorithm.
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THH, X (1) OFALOMEIE 10.2GFLOPS &4 5. L
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