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Performance

Performance Development
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&R (serial) & ifi 5ll(parallel)

BRUVEBLEGNIE G - W50 TESHH
YA AT
DO J=1,N
DO J=1,N A(J)=B(J)+C(J)
A(J+1)=A(J)+B(J) END DO
END DO
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Multicore and NUMA (Non-Uniform Memory Access)

> Today s common architecture in consumer and/or
enterprise processors

» Programming model oA
v’ Distributed memory : MPI ' T

v' Shared memory : Multi-threads

</ NUMA . Hybrid = MPI + Multithreads >

» Performance of core and memory, vs. Flop/Byte



’

The “K—computer’

e 10 PFLOPS
e # of CPUs > 80,000
e # of cores > 640,000

e Total memory > 1PB

* Parallelism
* Inter-node (node®node) : MPI
 Intra-node (core<core) : OpenMP
 Flat MPI is NOT recommended

Hybrid programming is crucial for “K”.



| GPUZEE-TEHESZ (201248 AAEREDRSAE)

GPU /Rh—F

.....

s KESITHEFE
« 6E E8EY EBREF—TIL
« TN 1% 250W FBE




| GPUZE-TCEtE T 5

GPUD KL K

Graphics FH

({Z$HE 200GflopsTEE)

(fZH#5E 500GflopsFEE)

(20128 AYERD RSAF)

HPCH

NVIDIA %t

| §

Ge

W o

Force (=177 60%

AMD %t

FirePro

3DGRAPHICS | /]

(= T 7 40%)Radeon (153/Top100)

~




Database server Application servers
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374y

MPLINIT MPID 2 &)

MPI_COMM SIZE a2 —A3DiAbLEITF

MPI_COMM_RANK a2 —RROTOERDEH

MPI_FINALIZE MPID#R T

MPI BARRIER £ 70t AN EE

MPI WAITALL 2SIk Yy IDIGE::

MPI BCAST 1DDEETHSETARRIZAYE—UFZEETS
MPI_ ALLREDUCE TRTOTACRANMLAYE—UFZEL, TNH6D

B EHREZLTAERITEIET S
MPI_SEND, MPI RECV  1xi170Ov*2 45 @E GEE. 21(E)
MPLISEND, MPLIRECV 1xt13ETAYF 25 @BIE GEE. Z{E). MPLWAIT
EHIZAWS

MPID H-7R—b3 B HERE D I
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GEIEER 7

do neib=1,NEIBPE
istart=INDEX_EXPORT(neib—1)
inum=INDEX_EXPORT(neib)-istart
do k=istart+1, istart+inum
WS(k)=X(NOD_EXPORT(k))

end do

call MPLISEND(WS(istart+1), inum, -*

end do

<ZIEER
do neib= 1,NEIBPE
istart=INDEX_ IMPORT(neib-1)

inum=INDEX_IMPORT(neib)-istart

call MPLIRECV(WR(istart+1), inum, -+

end do

do neib=1,NEIBPE
istart=INDEX_IMPORT(neib—1)
inum=INDEX_IMPORT(neib)-istart
do k=istart+1, istart+inum
X(NOD_IMPORT(k))=WR(k)

end do

end do
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SUBROUTINE DAXPY(Z,A XY)
INTEGER 1
DOUBLE PRECISION Z(1000), A, X(1000), Y

I$OMP PARALLEL DO SHARED(Z, A, X, Y) PRIVATE(I)

DO I=1, 1000
ZOD=AxXD+Y
END DO
RETURN
END
OpenMP @) 2 1b 5]

ISOMP TIRE S H0penMPDIERX, DOIL—T R ESNIEHD
ALYRIZE>TRIBEETSN S,



TS LOMEERE

[program fstr_main |

T1 = hocaw_Wtime(

ho_.ut..luhl
hecmm2fstr_mesh_conv |
fatr_init |
fatr_rcap_initialize |

+  |hecuw_solve_CG_33

T2 = hecmw_Wtims O

(TRITOTRTS=UT6)

| Solve b = Az by the Conjugate Gradient (CG) method

? T R TRl e e T, T et W W i e PR 1

|fetr_linear_static_analysis
|

2
:
g

|
-

g
;
.

’-

|

+ 11.201-274: Block LU

|
+  |hecaw_solve_06_33 |

T3 = hecmw_Wtims 0

®WaARL—Fprecond_33&

matvec_33(%, HREFREICKY SR
EL- S —RAEBXDRERDD

CGEITBLVTa—ILEh 3,

BREFRZICKYBREL-EI—XAFEXD
RE RO DHCGEDEHHENKRYPRARYETHS.

“+—
l
‘-
I
I
I
l

CG
iterations

— — — — — — — T — —

with the left preconditioner:

—F:ecmw_precond__%

0. Choose the preconditioner M such that M = A
{hecmw_matvec_33 (-a. by Incomplete LU factorization, M = LU,
| (-b. by Diagonal block sealing,
+- |hecmw_update 3R\ or others
I b . ¥
+ |hecmw_solve SEND_RECV 3% | 1. Set & = x;,;: nitial guess, and b: rhs vector.
I 2. Set MAXIT: maximum nmumber of iterations,
|+ [MPI_ISEND and TOL: tolerance of convergence.
|+ |MP1_IRECV AT
: : [l::::::gtt T. o 1ter = 1, MAXIT
| S oMt ) B giRRA
{hecmw_[nnerProduct R | 6. p=(r.z)
l G if (iter .eq. 1) then
+- |hecmw_al Ireduce R1 | i
l 8. p=2z
+ |hecmw_allreduce R | 9. else
| 10. 3= pim
= +~ [WPI_al IREDUCE | p=2z+3p
endif
CG iterations r . g=Ap TR ILIE
4. a=p/ip.q)
15 &z=xz+ap, r=r—aq
16.  Compute the scaled residual norm,
RESID = ||r]}/][bl
17. if (RESID .e. TOL) exit do-loop
IS. m=p 9
__19. enddo
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MZZFQJL'—?’/ matvec 33 & precond 33 U)OpenMPﬂ.’._IﬁEﬁ@#ﬁ"f

) | v - 51l AL /TN 4 L | == : —
! { | J | ) 1

matvec_ 33

matvec 33 t precond 33|

precond_33

10— F

W0 (9+i-8) X1 + hecMATYD (9+i-T)%X2 &
4 + hecMATSD (9+i-6) #X3

JS= hod\ﬁmdoﬂ.(i-l) +1

o —7

do j= JS. JE
in = hecMATXiteaL (j)

BIIXIZTBRBDH,
SOMATRAL (9% j-8) #X1 + hecMATSALIO* j-1)#X2 &
& + heoNATSALI9+j—6) #X3
(shEE)
5= RecMATS indexUTi-1 + 1
JE= hecMATSindexU(i ) (FaBg)

() '
| onddo- .

Vi
Yasi-n=ywe BCIYIZHADH,
Y(3+i )=YV3 —
enddo matvec 33(= [M

isl= M“IMOXL(I-“‘H

&

BIDTDzZPOEM
SHEINTLS !

ieL= hecMAT%indexL (i) /
“do j= sl el
k= hedATitel ().  precond 33(T[&
P (32 SHR-RADKFHS
#ZHHD.

X1= hecMATSALU (9+i-8)*( X1

&

7P
7P

enddo

TRALU (9%i-6)%X3 &
- hecMATSALU (9%i-7) #X2)
N Sl RAICEEBRERAHEDT.
2 2 LyRERETELLY,

% openmpitlzix. HiSL—T I

R LB\ LA R TET-,

e
BEABFSOVA ST MEHNLE,

SEOERETIE, matvec_330D0penMPILEEMET ST LT, 1



matvec_33MO0penMPIE  (TEx 1 cOTOYSIVHH)

NEIDZEE i DIL—TEE i ITOVTERINDSE - X ADKRFEEAFERIEL,
i DIL—TH0penMPTALYRIMEF{LT A EMTTRE,

AN VAT 3L Kfast,openmp TAINILT B,

52 2 & + hecMATHAL (9% j~6) #X3
(PES)

57 2 p v enddo
(PRE) |

I L S Y22V BBV ADH

75 1 p enddo

76 1SOMP END DO

17

1SOMP END PARALLEL

MBIl —T H I$OMP PARALLEL DEFAULT (NONE) PRIVATE (i, X1.X2. X3.YV1, YV2. V3, jS. JE. j. in) &
ALYBRiEF{EEA -  !SOMP  SHARED (hecMAT, X.Y)

32 1$OMP DO

33 5 & =T Feanrs FMUDIL—T

i L K=XGH-D | masixizBBOH.,

37 11lp YVI= hecMATD (9%i-8) #X1 + hecMATXD (9%i~7) X2 &

38 1 & + hecHATYD (9%i-6) #X3

() -

% 2 p v do J= JS, JE REIDIL—T

47 2 p v acMATSiteml (j)

8 2 p "(w) EEFXIZTBRBDHA,

51 2 p v YVi= YV1 + hecHMATRAL (9% j-8)#X1 + hecMATYAL (9xj-T7) #X2 &
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GPUT Y BEX

6-core
80 Gflops

(Xeon X5680)

32 GB/s [
E! ({51 32GB

AL A

bottleneck !

PClIe 2.0
8GB/s

(20128 AYERD RSAF)

‘Q GPU

(Tesla C2075)

448-core
915 Gflops

[ 144 GB/s

()

MPI&LREIL T, CPUSGPU D EREMNILE (FGELY)


http://www.gdep.jp/product/view/46

| CUDAT O S32% (2/3)

CPUMNIEE%1EE (Intel MKL, CSR formatTSpMV)

#include “mkl.h”
#define N 10000

mkl_dcsrgemv(&transa, &N, val, row, col, x, y)

# icc spmv.c —Imkl_intel_Ip64 —WI|,——start—group **-




| CUDAT O 532% (3/3)

GPUTCUDAMIEE (CUSPARSESAJ5!), CSR formatTSpMV)

#include “cusparse v2.h”

#define N 10000
. GPUAE!)Z malloc

cusparseDcsrmv(handle, CUSPARSE_OPERATION_NON_TRANSPOSE, N, N, nz,
&alpha, descr, val, row, col, x, &beta, y)

cudaMemcpy(x, dx, N*sizeof(double), cudaMem ' CPU «— GPU

# nvcc spmv.cu —lcusparse
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[ Overlapped Area [ Shared Surface
/ \ ® Internal Nodes / \ ® Non-shared Nodes
O External Nodes O Shared Nodes

P O N, .

(a) Node-based (b) Element-based
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Blocking with padding for multicore CPU and GPUs

s SpMV in iterative solvers is crucial for unstructured
grid.

s For improving B/F ratio
= Blocking, Padding, ELL+CSR.

1000 4 0

9 200 0 0

000 0 0 A 0B
SpMV 2 0608300 ||0CO
L 500 2 1 DOE

9000 0 8

AXPY /. A | B  C | D | E |
& value I]\l@\el2|4|0|a|@\@|@|@|3\@\5|0|@L2\1|0|8|

AYPX
DOT — colidx [0/4]2]0[4]
A

Breakdown of CPU rowptr ELLPACK CSR
in OG operations Blocked CSR HYB format = ELL + CSR4




Acceleration of hread 1 |
. Thread 2
SpMV Computation {
Thread 3 { o
» Parallelization Thread 1 { §
v" Rows are distributed among Thread 2 {
threads. [
_ Thread 3
» Load balancing
v" Reallocate rows to balance 0 0 43
loads. 02[0 000 A0 B
SEEER] - B J
0500 2 1 D 0 E
. QO 00O 8
> Blocking
_ . . A B c D E
v' Matrix format is crucial. wie |1002/40000003lc500l210a8
v' CSR: Compressed Sparse Row / ——
B/F =6.25~125 colindx 0(4(2|0]|4
v' BCSR: Blocked CSR /.
B/F = 4.76~5.56 rowptr | 0[23 4




Performance Test (1/3) ISTR

Load BalanCing on Nehalem (Core i7 975)

* x10,000 SpMV of unbalanced matrices from the library[2]

Left: w/o. load balancing

Right: without load balancing

Total Work Time (10000 SpMV) [ms]

65000

60000

55000

50000 |

45000

40000

65000

60000

55000

50000 |

Total Work Time (10000 SpMV) [ms]

45000 |

40000

Threadl Thread2z Thread3 Thread4 Total Threadl Threadz Thread3 Thread4 Total

[2] T. A. Davis. University of Florida sparse matrix collection, 1997.



Performance Test (2/3)

Parallelization and Matrix Format
e Performance of SpMV on Nehalem (Core i7 975)

CSR / BCSR format

7000 — : :
CSR Single-Thread +
CSR Multi-Thread
6000 | BCSR Singe-Thread =
BCSR Multi-Thread o
| |
(78]
O soo0 | o
3 [m] 2 O O DD
LI— O pgo
S 4000 + g B oo
| - DDD:IE\:‘DGEE -
(D) o od g .
O 3000 b o L e n
C o Ue*
© . * o x 'k "
) ¥, " #
E % B ox o DD ! " -
o 2000 - o b e T
- +|:|C" +;H>++++-Hﬂ—k - | O et T . * K Ry +* ii‘:\:
() R K by ; gty 4T + ++++++D+*++4++f+
Q 1000 | sk e ok X N ¥ 1
++ ¥ + Tt
O I 1 1 1 1
0 10 20 30 40 50 60

matrix #

Front¢



Performance Test (3/3)

Overall CG Solver

Front¢

* CG solver’ s performance on CSR single thread on Nehalem

(Core i7 975)

45

performance over CSR single thread

4

CSR Multi-Thread  +
* BCSR Single-Thread
BCSR Multi-Thread #*

10 20 30 40 50 60

matrix #
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hingeS1: Execution Time of matvec_33

(1 node)
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120 -
100 -
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60 - - 51t & matvec_33
3, Sf’“ﬁiﬁﬂ.’. JU' {e=89s
il 4806 7. 1P‘Ea$ﬂ:
0 - T T T : 2
base code openmpdo  openmp staticl openmp | '>8mp do schedule(static,100)
1 core 8 cores 8 cores static100 SELN
(kfast) (kfast,openmp) (kfast,openmp) 8 cores
(kfast,openmp)
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Flop/Byte

SpMV with CSR:
Flop/Byte = 1/{6%(1+m/nnz)} = 0.08~0.16

SpMV with BCSR:
Flop/Byte = 1/{4*%(1+fill/nnz) + 2/¢c + 2m/nnz*(2+1/r)}
=0.18~0.21

nnz: number of nhon—zero components
m: number of columns,

r, c: block size,

fill: number of ‘zero’ s for blocking



Performance Model (1/2)

» The K-computer’s roofline model based on William’s model[1].

» Sustained performance can be predicted w.r.t. applications’
Flop/Byte ratio.

Sustained Performance(GFLOPS)

128

32

16

) ﬂ@F’f'&B/ Byte®D

Tcore 26Hzx sflo

ZDiA0)Flop/Byted)
BRI EESRMEEET
EITHENRES. <
IWTFATIRIEZFERT

2GHz x Score

Performance on Multicore Computers.

, L 5§§(is AERYDT—%H [1] S. Williams. Auto—tuning
HIFRE N TEITIERE

1 _75‘\7’*?6 Univ. of California, 2_1008.

1/64 1/32 116 1/8 174 112 2 4

Flop/Byte

BEELT—HFEDL



Performance Model (2/2)
SpMV with CSR

B/F =6.25~12.5
SpMV with BCSR:
B/F =4.76~5.56

Node BW
performance (catalog) (STREAM)

128 Gflops 64 GB/s 46.6 GB/s 0.36
FX10 236.5 Gflops 85 GB/s 64 GB/s 0.27
Measured performance by profiler | SpMV with CSR SpMV with CSR
on FX10 29~58% 22~43%

, SpMV with BCSR: | | SpMV with BCSR:
4.2 % 49~76 % 3.7~5.7 %
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