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On evaluation of matrix-multiply kernels on a GPU

NAOHITO NAKASATO Tt

We present benchmark results of optimized dense matrix multiplication ker-
nels for Cypress GPU. We write general matrix multiply (GEMM) kernels for
single (SP), double (DP) and double-double (DDP) precision. Our SGEMM
and DGEMM kernels show 73% and 87% of the theoretical performance of the
GPU, respectively. Currently, our SGEMM and DGEMM kernels are fastest
with one GPU chip to our knowledge. Furthermore, the performance of our
matrix multiply kernel in DDP is 31 Gflop/s. It is more than 200 times faster
than the performance results on single core of a recent CPU (with mpack ver-
sion 0.6.5). We describe our GEMM kernels with main focus on the SGEMM
implementation since all GEMM kernels share common programming and op-
timization techniques. While a conventional wisdom of GPU programming
recommends us to heavily use shared memory on GPUs, we show that texture
cache is very effective on the Cypress architecture.
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e J0,0000001000000D00O0UDOO 54.5GB/sOO0.

e JO00UODDOOUDOO 153.6 GB/sOODO.

2.2 Cypress vs. Fermi

0100,0000000 GPUOODOOOOOOOO, Cypress 0 Fermi(NVIDIA 0)
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gooo,bobooob0obooboob. oboboooboboo,0bobobooboboo
0,000000000000 vector core O, Cypress GPUO O 16 00O 5-way VLIW O
00 (SIMD Engine) 00 0. SIMD Engine 0000000000 320000*. Fermi
GPU OO vector core 0 16+16 000000000 (Streaming Multiprocessor) O O O
0. Streaming Multiprocessor 00000000000 128000.00,00000000
0000000000 0DOO0,0000D000000 OpenCLOOOODODOOOOODOO
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Architecture Cypress Fermi
Board Name Radeon 5870 | Tesla C2050
# of SP cores 1600 448
# of DP cores 320 224
# of vector cores 20 14
registers/core 256 KB 128 KB
tex. cache/core 8 KB 12 KB
shared mem./core 32 KB 64 KB
2nd cache 512 KB 768 KB
core clock(GHz) 0.85 1.15
SP peak(Tflop/s) 2.72 1.03
DP peak(Gflop/s) 544 515
memory clock(GHz) 1.2 0.75
memory bus 256 384
memory size(GB) 1 3
memory BW (GB/s) 153.6 144
tex. cache BW(GB/s) 54.5

01 Cypressd Fermi 0000000000

00000000000000000 (Beemm) 0OOOOOOOODO.
Baevm = W x F x S byte/s (1)
00000,000 (S=8) 0000 F=544 Gflop/sU Cypress0 000000000
000 Bpaeum = 0.544(Tflop/s) x 8/b = 4.352/b TB/s000. 000, 0000000
oooooood (b:l)l]l] 4‘4TB/SDDDDDDDDDDDDDD. 000, Cypres

GPUDOODODODODODODOO ~150GB/SDDDDD.

000 b=400000 Bpeemm = 1.088 TB/s000, 0000000000000
O00. 01000000, Cypress GPUDOODOOODOOOOOOODOOOOO SIMD
Engine 000 545 GB/s0000,0000000 100000000000000 54.4
(GB/s) x20=1.088 TB/s 000 0000. 000 DGEMMOOOOO0OOO b=40
ooo00. SGEMM O DDGEMMOOOOOOOOODOOOO,000 o00000000
O0.SGEMMODO b=8 DDGEMM OO b=200000.
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(21+8)/2=14500000. 0000000, 000000000000000000
O,FMAOO0DOO0ODOO 544 (Gflop/s) /23 =23.7 Gflop/s 000, FMAOOODOOO
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// 00 A0BOOOOOOOOOOOOOO
// 00 cOO00000oOogoooooong
float c[8][81, al8], bl8]l; // OOOOOO
// 0000 oOO0OOd
c[0:71[0:7] = 0.0
for k = 0 to N-1
// 00A0010(@®O00)O0000
load al[0:3] <- A(J:J+3, k)
laod al4:7] <- A(J+4:J+7, k)
// 00BOO 10 (GO0O00)O00O0O
load b[0:3] <- B(k, I:I+3)
laod b[4:7] <- B(k, I+4:I+7)

// 8x8 0 Rank-1 00

c[0]1[0:3] += a[0]*b[0:3]; // 8 flops
c[0]1[4:7] += a[0]*b[4:7];

c[1]1[0:3] += a[1]1*b[0:3];

c[1]1[4:7] += a[1]1*b[4:7];

c[7100:3] += a[7]*b[0:3];
c[71[4:7] += a[7]1*b[4:7];
end

Merge c[][] with C[J,I]
01 SGEMM OOO0O0ODO0OOOO

4. GEMMOO0O000O000O0O

0 20, SGEMM(TN OO ), DGEMM (TN O NN), DDGEMM(TN OO . 000, FMA
00000000)00000000. 00000000000000000000000
00000.00450000,000000000000000,TPO VLIWOOOO
000000000000000000000. SGEMMOO0OO000,0000000
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02 0000 A, BOOOOOODOOOODOOO GEMMUOODOOOODODOOOOODOOOO. DOoODOO
00 C[J,I]00000000. k00000000000, 00 A, BOOOOOODODODOOOOOOO
Rank-10000000.

bl

<£b —>
= k X I
Matrix A Matrix B

03 0000 AQ0O0OD,BOODOOOOODOOOO GEMMOUODOODODOODODOOOOOOOO.

000000 26%00 400000000000,000 58%00 5000000000
00.000000 (16%)00,1,2,000 300000000000000. 00000,
00000000, 00000000,0000000000000000000. 000
DGEMM O DDGEMM OOO0O00DO,00 40000000000000000, 90%0
00000 GPUODOOOOOOOOODDOOOODOOOOO. OO0, DGEMM OO0
0000000000000 00D000000000000.

41 DGEMMOO0OOOOOOD

040,000000 NOOOOOO DGEMMOOOOOOOOOOOOODOOO. O
0000 DGEMMNNOOOOO DGEMM TNODOOO, 000 MAGMA BLAS 0.3'Y
000000000000, 000 DGEMM TNODOODODODOO (400 - 470 Gflop/s)
0,0000GPUD1000000000000000O. 000,NNOODOODO TNOO
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SGEMM TN DGEMM TN DGEMM NN DDGEMM TN (FMA) DDGEMM TN (no FMA)
Pmax 2014 472 359 31 23
Nmax 4352 1664 3712 1408 768
# of reg. 25 25 25 18 29
4 slots(%) 25.8 94.1 94.1 90.9 90.9
5 slots(%) 58.1 0 0 0 0

02 000 GEMMOOOOOODO. Pmax0 Nmax O, 00000000000000000O0O (Gflop/s) 00000 NOOOOOOO.30000O
0,00000000000000O0000O00DOO0. 0D0,4,500000,000000000000000, VLIWOODOODOOOO 4000000

goooo,s500000000000000.00,000000000 400000000000D000.
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000000OO0.NNOOODODOOOOOOO00 58%-66%000000000. NNOOO
000000000000000,Cypress GPUOOOODODOOODOOOOOOOODOOO
0000000.00,0000000000000000000000000000 200
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E+1),AbJ + 2,k : k+1),AbJ + 3,k : k+1)0 800000000, 00 BOO
B(k,bI : BI+3)(4000)00000, A(bJ, k), A(bJ + 1,k), A(bJ +2,k), A(bJ + 3, k)
O B(k,bI : BI+3)000 Rank-100000. 00,00 BOO B(k+1,bI : BI +3)(4
000)00000, A, k+ 1), AbJ + 1,k + 1), A(bJ + 2,k + 1), A(bJ + 3,k +1) O
B(k+1,bI : BI+3)000 Rank-100000. 000, NNOOOOOOODOODOO
00000000000000,00000000000000000000000000
ooooooo.
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0000,000 DGEMMOOOOO, NOOODOODOODOO,0O0 INOOOOOO
N>2048000000000000000.00000000000000,00000
00000000000 0000000.0000000000000000000000

gobo,b0o000b0o0coo0ooon.
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1.1 0 Fermi 00 MAGMA BLAS 0.311))DDDDDDDDD. JoooooO0 DGEMM O0O0O0OO
ACML-GPU 1.1 000000, “I/O” 0000000000, 0000 GPUOOOOOOOOOODD

ooooooo.

UD00,0000DGEMMOOODDOOOO. GEMMOOOOO,ON*)OOOOO
U0D000 GPUOUOD,GPUD OWN*)DUUOODDOOOODOOOO, NOOODOO
ACML-GPU 1.1000000000000C0O0OO0ODO0OOO0OOO0ODOOCO. OO,00
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goooooooooooooooooooooog.
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ogoooo.

TocemM = Teomm + Tkernel, (2)
000, Tecomm OO0 D00000D0ODOO0DO0O0D00O00, Tkeme OO0 O0O0OOODOODOODO.
DGEMM(C =aAB+pC)00000,30000000 GPULDUOUOODO,1000
00000000, 000000000 4x8xN2=32N2000000, Teomm 0,

32N?

Tcomm:BPCIQ7 ®)
000000000, 000, Beee DOOOO0OOO0O GPUDODOOOOOOOOO
(byte/s) 00 O . Tkernet O,

2N*?

Tkerne1:T7 (4)
O00.000 FOOODOOOOODOOD (lop/s)000. 0000D000,0000000
0ooo bGEMMOOOOOO,

FDGEMM:2N3/TDGEMM (5)
gooooo.

050,00000000 (0 (5);0000)0,DGEMM TNOODOODOOOOOOO
0(O000)0000000. 000000000000, Bpere =3 GB/s and F = 450
Gﬂop/s[l[ll]. goooooooooooooooooboooo. oo, ooooa
gododdoooooood >400Gﬂ0p/s([| 4DD)DDDDD,DDDDDDDDDDD
00o0od0oooooodoooO0. 000,0000000 GpUODOOOOOODOO
00 (Becre) O, PCI Express x16 gen2 00000000 8 GB/sOOO0OODOOO, O
000 3GB/sO0U0O0OO0O0O0.0000,DMAOODOOUOODOOOODOOOOO
0000000 6GB/sOO00O00O0O0O0OOO, 0000000 OOOOOOOOO
0oo00oboob00ooO0ooo0O0obO0o0ooD0ooOb. os000000,00 Bpcre =10
GB/s000000000OO0OO0OOUOO.0DO0O0O0UOO,N>204800000000 300
Gflop/s000000O00O0OOOOODO.

Jdoooooooo,00oooo0 GeUODOOODOOODOOOOOOOOOOO
goooO,bo00d0obboooboboooooboo,o0bbboooDoboooooo
0.0000,00000 Teomm = Tkernet D00 Nbalance D00 O00O00. ODOOD0ODO
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00000000 (0 (5); 0000)000. 00000,0000000000 (Bepcre = 10 GB/s) O
0oooooooood.

00,DGEMM TNOOOOOOO,

16 F
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000, Beete = 3 GB/s and F = 450 Gflop/s 000, Nualanee = 240000 0. 000,
0000000000000 overlap0000000000000000, 000 DGEMM
00000000000000 N>2400000000000000000000000
00.SGEMM O DDGEMM 00000000000 O0O0O000,0000000000
0o00000o0oo.
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(000)0000000000000O0. 000000000 SGEMMOOOOO, 00
0000 60%0000000.000,0000000000000 CUBLASOOOOO
1LI(NVIDIAD)OODOO,00 GPUDODOODOO 40%0000. Lio® O, Volkov O
0 GEMMOODOOOO, GeForce GPUOOOOOOOOOOOOOOODOOOO. O
000000000000 SGEMMO DGEMMOOOOO, 000000000000
CUBLASUODOO 2000000000 (IO, CUBLASOOOOO 2.00 Volkov [
O0000000000). 000, Jang®” 0, Li000000 OpenCL OO0 GEMM O
00000000000000000000. 00, NathO'W 0,000 Fermi GPU O
GEMMOOOO, Volkov DOOOO,DGEMMOOOODOOOOOODO 60%00000
ooo.

000 GEMMOOOOO,00000000000,0000000,0000000
000000000, 00000,000 SGEMM TNOOOOO, NOOOOOOOO
000000 55-73%0000000000. 00, DGEMM TNOOOOO 74 - 87%,
DGEMM NNOODOOD 58-66%0000000000. 000 GPUOODOO, ACML
GPU 1.10000000000,000 DGEMM TN, TNOODOODOODOOOOOOO
(0 400000). 000000 ACMLGPU1.10000000000,0000000
OOo0oObs000000.

0000000000000000 XBLASY 000 mpack!® 0, CPUOOOOO
BLAS/LAPACK 0000000000 O. 00,000 0O, GeForce GPUD OO O
000 BLASOOOOOOOODOOOOOOOOOOOO. 0000, 000 DDGEMM
0000000000000, 00000000000. 00,FMAOOOOOOOOO
DDGEMM 0000000000 31 Gflop/s 000, mpack 00000 GEMM OO OO
0 single core D0 00000000 O0 144 Mflop/s'® 00000, 2000000000
0.000%0000026GAop/s00000 1000000000, 000, mpackODO
0000000000000000,00000000 GPUOOOOOOOOO, Cypress
GPUODD 700 1000. 00000000000 0O00, 0000000000 GPU
00O000000000OoOOooOoo.

6. 0O 0O O

O0o0ooo,Cypress GPUDO OO GEMMOOOOODOOOOOODOOOOOOOOO.
Cypress U0 000000000000000O0O0O0O0,000C0CCCOODOOOOOOOO
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goooooOoooo. ooooo, sGEeMMOOOOOOODOO b =8, DGEMM OO
b=4,DDGEMM OO0 b=20000000000000. OO0 GEMMOODODOO,
gooooooooooooo,0ooobooboogooobooboooooooooobooooooo.
o00o,GpPUOO0OODOOOOOOOOOOO,00000000DOOO0OOOODOOO
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o000o0ooooO0o0o0oO0,GpUOOOOOOODOOOOOOODOODO. ODOOOOOO
00000oooO0o0o0ooooo0ooOo,GEMMOOOOO0OOOOODOOOO0OOOOO
gooboooobo. bocoooooooooobooboobo,00b0oobOoOobOoOoboboOoDo
O00oo0oooo0oooooo,oo00 GEMMOOOOOODOOOOOOOOOOOO
oooogd.
oooooooOoo,GEMMOOOOOOOOOOOODOOOOOOOOOOOOOOO
oooO,00000000O0O0DO0D0ODODOO0O00OO0 GEMMOOOODODODODOOOOOO
ooooo0o.o00,DGEMMOO0O000000O00 N>204800000000000
gooO,00b000o000bOo00oooooboooboooboooOooobOoobOoOo. ooo, o
goooOoO0O GpUDDOOOOOOOOOOOOOOCOOODODODOOO, PCI-Express 00
0000000000, DGEMMO0O00D00O0O 200 Glop/s000. 000 DGEMM
gobooboooooooooboooooo,boboo0oboooooobobooooooOoooonn
oooooo,0b0o000obooooooooooobooboooobog.
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