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Abstract: A program for a PC cluster which equips GPUs consists of two types of code, for GPUs and for
CPUs. The GPU code executes parallelized algorithms to introduce high speed computing supported by a
CPU code which performs communication with other nodes. Although MPI library is commonly utilized to
transfer data in the CPU code, MPI functions can not be written in the GPU code. Programmers are forced
to implement CPU and GPU codes alternately with taking care of data movement among nodes. In order
to reduce software development costs, we propose a programming framework called FLAT which enables
GPU codes to embed MPI functions. This paper describes execution model and implementation of FLAT,
and discusses availability and performance obtained by two case studies, Livermore Loopl8 and optical flow
programs. Through the experimental results, we confirmed that FLAT increases readability in synthesized
GPU codes with maintaining bearable performance degradation, which is less than 3% for a coarse-grained
parallel program.
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Fig. 5 An execution flow of Livermore Loopl8.
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Table 1 Supported MPI functions.

name corresponding MPI function
flat_mpi_send MPI_Send

flat_mpi_recv MPI_Recv

flat_mpi_isend MPI_Isend

flat_mpi_irecv MPI_Irecv

flat_mpi_wait MPI_Wait

flat_mpi_sendrecv | MPI_Sendrecv

flat_mpi_barrier MPI_Barrier

flat_mpi_scatter MPI_Scatter

flat_mpi_gather MPI_Gather
flat_mpi_bcast MPI_Bcast
7
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Fig. 4 An example of communication between GPUs.
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// function
: void kernell8
(float **za,float *xzp,float **zq,float **zr,float **zm,
float **zb,float **zu,float *¥zv,float **zz){
2: ...(snip)...
3: t =0.0037; s = 0.0041; kn = NUM; jn = n;
4: for ( k=1 ; k<kn ; k++ ) {
5:
6

-

for ( j=1 ; j<jn ; j++ ) { /* calculation for za and zb */
zal[k] [j1=(zp[k+1] [j-11+2q[k+1]1 [j-1]1-zp[k] [j-1]1-zq[k] [j-11)*
(zr (k] [j1+zr (k] [j-11)/(zm[k] [j-1]+zm[k+1] [j-11);
7: zb[k] [j1=(zp[k] [j-1]+zq[k] [j-1]-zp[k] [j1-zq[k] [j1)*
(zr (k] [j1+zr (k=11 [j1)/(zm[k] [j1+zm[k] [j-11);
8: }
9: }
11: if(id '= 0)
MPI_Send(&zb[1] [0] ,ROW,MPI_FLOAT,id-1,0,MPI_COMM_WORLD) ;
12: if(id != nCPU-1 )
MPI_Recv(&zb[COL] [0] ,ROW,MPI_FLOAT,id+1,
MPI_ANY_TAG,MPI_COMM_WORLD,&st) ;

13:
14: for ( k=1 ; k<kn ; k++ ) {
15:  for ( j=1 ; j<jn ; j++ ) { /* calculation for zu and zv */

16: zu[k] [j1+=s*(zalk] [j1*(zz[k] [j1-zz[k] [j+1])
-za[k] [j-11*(zz[k] [j]-zz[k] [j-11)
-zb[k] [j1*(zz[k] [j1-zz[k-1]1[3j])
+zb[k+1] [j1*(zz[k] [j1-zz[k+11[j1));

17: zv [k] [j1+=s*(zal[k] [j1*(zr[k] [j1-zr[k] [j+11)
-zal[k] [j-1]*(zr [k] [j1-zr[k] [j-1])
-zb[k] [j1*(zr[k] [j1-zr[k-1]1[3])
+zb[k+1] [j1*(zr[k] [j1-zr[k+11[j1));

18: }

}
20: ...(snip)...
21: }

// mainstream
22: kernel18(za,zp,zq,zr,zm,zb,zu,zv,zz,nCPU,id) ;

6 CPU+MPI % M\ 7z Livermore )V — 7 Loopl8
Fig. 6 A Livermore Loopl8 with CPU+MPI.
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// GPU code
: __global__ void kerneli8_1

(float *za,float *zp,float *zq,float *zr,float *zm,float *zb){
int i = blockIdx.y * blockDim.y + threadIdx.y+1;
int j = blockIdx.x * blockDim.x + threadIdx.x+1;
if (1 < COL & j < N ) { /* calculation for za and zb */
za[i*ROW+jl= ...(snip)...;
zb[i*ROW+j]= ...(snip)...;
}
¥

__global__ void kernell8_2

(float *za,float *zr,float *zb,float *zu,float *zv,float *zz){
11: int i = blockIdx.y * blockDim.y + threadIdx.y+1;

12: int j = blockIdx.x * blockDim.x + threadIdx.x+1;

13: if (1 < COL && j < N ) { /* calculation for zu and zv */

14:  zul[i*ROW+jl+= ...(snip)...;

16:  zv[i*ROW+jl+= ...(snip)...;

16: }

17: }

[N

QCOVO~N O U WN

o

// CPU code
18: kernel18_1<<<dim3(N/BLOCKSIZE, N/NODES/BLOCKSIZE),
dim3(BLOCKSIZE, BLOCKSIZE)>>>(zad,zpd,zqd,zrd,zmd,zbd) ;
19: if(id > 0 ){
20: cudaMemcpy (buf, &zbd[ROW], sizeof (float) * ROW,
cudaMemcpyDeviceToHost) ;
21: MPI_Send(buf, ROW, MPI_FLOAT, id-1 , O, MPI_COMM_WORLD);
¥

23: if(id < nCPU -1){

24: MPI_Recv(buf, ROW, MPI_FLOAT, id+1, MPI_ANY_TAG,
MPI_COMM_WORLD, &status);

25: cudaMemcpy (&zbd [COL*ROW] ,buf, sizeof (float) * ROW,

cudaMemcpyHostToDevice) ;

-
27: kernell8_2<<<dim3(N/BLOCKSIZE, N/NODES/BLOCKSIZE),
dim3 (BLOCKSIZE, BLOCKSIZE)>>>(zad,zrd,zbd,zud,zvd,zzd);

7 MPLIZ&o>THHEIENZZ GPU a—F
Fig. 7 Two divided GPU codes to transfer data among GPUs
by MPI functions.

// GPU code
1: __global__ void kernell8
(float *za,float *zp,float *zq,float *zr,float *zm,float *zb,
float *zu,float *zv,float *zz, int id,int nCPU){
int i = blockIdx.y * blockDim.y + threadIdx.y+1;
int j = blockIdx.x * blockDim.x + threadIdx.x+1;
float s = 0.0041; float t = 0.0037;
if( i < COL && j < N ){ /* calculation for za and zb */
za[i*ROW+j] = ...(snip)...;
zb[i*ROW+j] = ...(snip)...;
}

WO N O O WN

10: if(id != 0)

11: flat_mpi_send(&zb[ROW],sizeof (float)*ROW,id-1,
0,FLAT_MPI_COMM_WORLD) ;

12: if(id!'=nCPU-1)

13: flat_mpi_recv(&zb[COL*ROW] ,sizeof (float)*ROW,id+1,
MPI_ANY_TAG,FLAT_MPI_COMM_WORLD) ;

16: if( i < COL & j < N ){ /* calculation for zu and zv */
16:  zul[i*ROW+jl+= ...(snip)...;

17:  zv[i*ROW+jl+= ...(snip)...;
18: }

19: ...(snip)...;

20: }

// CPU code
21: kernel18<<<dim3(N/BLOCKSIZE, N/NODES/BLOCKSIZE),
dim3(BLOCKSIZE, BLOCKSIZE)>>>
(zad,zpd,zqd,zrd,zmnd, zbd,zud,zvd, zzd, id,nCPU) ;

8 FLAT % 7z Livermore )V — 7 Loopl8
Fig. 8 A Livermore Loopl8 with FLAT.
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Table 2 Members of structure for MPI request data.

name type description

send_addr void * top address of send data
send_size int the length of send data
dest int destination id to send
send_tag int the label of the send data
recv_addr void * top address of receive data
recv_size int the length of receive data
src int source id to receive
recv_tag int the label of the recv data
root int root id

comm MPI_Comm | MPI communicator
mpi_request | int MPI_Request on GPU
request request_t | kind of requesting MPI function

£3 GPURT—F A -T—FDAUN
Table 3 Members of structure for GPU status data.

name type | description

status int current position of GPU kernel

next_status | int next position of GPU kernel

© 2013 Information Processing Society of Japan
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1: {

2: STORE_KERNEL_INFOQ);

3: set_next_status(1l);

4: flat_mpi_send(&zb[ROW],sizeof (float)*ROW,id-1,
0,FLAT_MPI_COMM_WORLD) ;

5: goto END_OF_KERNEL;

6: LABEL_KERNEL_1: RESTORE_KERNEL_INFO();

7: }

10 MPIMHD 720 % — 2 VRO FEITE AT 53— K
Fig. 10 A kernel code to break its execution after calling a
MPI function.

1: #define STORE_KERNEL_INFO()
2:
3 int _thread_id = threadIdx.x
4: + threadIdx.y * blockDim.x
5: + threadIdx.z * blockDim.x * blockDim.y
6 + blockIdx.x * blockDim.x *
blockDim.y * blockDim.z
7 + blockIdx.y * gridDim.x *

blockDim.x * blockDim.y * blockDim.z;
8: _status->i[_thread_id] = i;
9: }

11 LY RS AEY OBl —F
Fig. 11 A code to store temporal status.

1: __device__ void
2: flat_mpi_send(void *addr, int size, int id,
int tag, MPI_Comm comm) {
if (threadIdx.x==0 && threadIdx.y==0 && threadIdx.z==0 &&
blockIdx.x==0 && blockIdx.y==0 && blockIdx.z== 0) {
info->send_addr = addr;
info->send_size = size;
info->dest = id;
info->send_tag = tag;
info->comm = comm;
info->request = MPI_SEND;

3
4
5
6
7
8
9:
10
11
12: }

12 MPI Y ZIA b - F—=FI8FA—F %Ki THH—F )
Fig. 12 A GPU code to set parameters for an MPI send func-

tion.
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NTWeEE1E, MPLIZETS LR,

=R NVEEE R T 572012, K10 ®54THD
goto END_OF_KERNEL T/ — R IV A # T3 5. MPI
R EATR, TN &8Nz h — 2 VEIE, goto LT
6 17H ® LABEL_KERNEL_1 ¥ CHLEEZ A ¥ v 7L, &%
FIBA9 5. T & &, RESTORE_KERNEL_INFO() C, jEiE
T xR TAH. Y27 — FAEJIZHLTIE, FLAT
FATHE, BHNOEFZB IR % B FEL DY A RE - 18
JRHTEETH B, TOWAIIE, IE—ERIZTE Y 7
TR 24TV, 7Ry 7L |IZaE—7 5,

—% CPU T3, 13 ® 317H, cudaMemcpy() 12 & >
THA—AIVEEOBHI S LER T 2> Twh, V7T
A NHFATENT e, MPLY) 7 A b - 77— % 2T I
D, X 13 @ switch LT, xFInd %D MPI B #I S
ns. ZZTIi, 14 1275 T host_mpi_send() ASHEON
Mz, ZOREBANTEXT—4% % GPU 75 CPU ~
a¥—L, ZOH%CPUIZX > T MPI_Send() %#%4TT 5.
CPU |2 & %5 MPI ED %4712, 13 D 114THT, KD
IJ— FRMGMEZHEL, 7 — A VEEE RS S,

FLAT @ flat_mpi_isend()/flat_mpi_irecv() &,
MPI B % ® MPI_Isend()/MPI_Irecv() & [lfk®D f ik
T T&%. FLAT I flat_mpi_isend()/flat_mpi_
irecv() %, MPI % ® MPI_Isend()/MPI_Irecv() I
iy 52 LT, FFEEPIEEZEB T S5, FLAT T
CNOOBEBENTLT L, 7T — A VEKSHREE
SN T, flat_mpi_wait() BIEOIFOW LA iE CH

1: do {
2: GPU_FUNCTION_stub<<<N,M>>>(....arguments .....
info->info_dev,info->status_dev);
3: cudaMemcpy ((void*)info->info_host, (voidx)info->info_dev,
sizeof (gpu_info), cudaMemcpyDeviceToHost);

4 switch (info->info_host->request) {

5 case MPI_SEND:
host_mpi_send((gpu_info*)info->info_host); break;

6: case MPI_RECV:
host_mpi_recv((gpu_info*)info->info_host); break;

7 case MPI_BARRIER:
host_mpi_barrier((gpu_infox*)info->info_host); break;

8 case MPI_SENDRECV:
host_mpi_sendrecv((gpu_info*)info->info_host); break;

9: ...(snip) ...

}

11:  cudaMemcpy ((void*)&(info->status_dev->status),
(void*)&(info->status_dev->next_status),
sizeof (int), cudaMemcpyDeviceToDevice);

12: } while (info->info_host->request != GPU_DONE);

X 13 MPI #5722 CPU 9 — K
Fig. 13 A waiting loop for MPI invocation in the CPU code.

void host_mpi_send(volatile gpu_info *info)
t void *send_addr;
send_addr=(void*)malloc(info->send_size);
cudaMemcpy (send_addr, (void*)info->send_addr,
info->send_size, cudaMemcpyDeviceToHost);
MPI_Send(send_addr, info->send_size, MPI_CHAR, info->dest,
info->send_tag, info->comm);
free(send_addr) ;

}

O WN =

o

0 ~

B 14 7 — A VEEL ST L7 MPI BEUCHIEST 5 CPU 22— F
Fig. 14 A CPU code corresponding to the embedded MPT in-

vocation on GPU.
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AOVEEEE CPU 2 — FIZ40) T CPU 22— K¢ MPI B%
2 FEATH L)L T H0T, MPI B, RS- d —
FOVEAEAY CPU a2 — FEEET L2 Lidh <, FFEICEHE)
EERDLZENTES,

3.4 I— KL

FLAT ® 2 — FZH1%, CPU I8 & U8 GPU AL TFT
I, A=FEHED 1212, Ty THBOFEARH L. 0D
7w TR, T I rER LA — A VEEE T
T h. B EINTZT v TEBOTIEIL, Ta s T <)%
R U5 n A, I — NI T2 MPLY 7 =
AR TFT=%EGPURT—F A - T—=F DKL 7H
ZoNb., WO shTy T, Z7-7-22o0
RA VI ERBGEL, 7O IhER LI — A IVEEE
IO, chic kb, a— FE#HEIC, GPU-CPU [T
MPI) 27 TA b -F=%& GPUART—F A - F—F%DH
B AR L 2 .

4. 5

Livermore v — 7 ® Loopl8 &, 7 7V r— 3 o0
F T4 BN TA—EHED 2 0% T, FLAT OARME
EEATHRRICE L GRS 5.

4.1 #A7F«HNTO—EtE

TANTO I ALLT, HEMKEROBMMET VY
GPU LT TE 2 L) FEEINTO T T L E2HW
510l ZoTurIaiE, BET—-5%1 7L —4TL
12/ = FEcHgElL, Z2h2hic 2 o GPU M % 1T
I, 2ED GPU MO T, ALk &hzmis— % of
FEAREIT) . 16 BDOPC/ —F% 2RTLA v ¥ 2l
BoiE L 7-354, 8 HIIC 2N AU ) Tt O 5 i)
fibh b DT, GPU-CPU ], CPU &b+ T 48 [AlD
WEN TN, LzdS-> T, lfERKE 7— &k
Loopl8 & RTIEHIZL L I 5.

FLAT % F\wW7:3285120%, F ) VF o 7a 75 Lk kg
12, FEMEMIESE (flat_mpi_isend() /flat_mpi_irecv())
WIS T T4 VR L TWD, £ TFILD
777 5T, GPUE, GPU-CPU Boi#EfE, MPI
A7 — RRLEED 3 WA+ =T v 7L CEIfET
%. —7J5, FLAT &, GPU-CPU D IE[FLIEE IIA T B
THhAh7z0, GPUEE, MPI # iz / — FHE#ED A
A =NT T LTS, FTT AN TO—-FEIZBW
T FLAT M L7234, GPU-CPU ] TH =3~y F

110



BB FRBNE JI>E1—T+1>J2ZX7L Vol.6 No.4 105-116 (Oct. 2013)

WELLIENEZLNS.

PEREHLEE T, FLAT % 72923 & MPI B CPU
I—FICRELABHEO TS I v IR L b EREE
WS 5.

4.2 GPU BDO@EI T 3 HhED

GPU M ®BEI12817 5 FLAT OF®EIZOWT, 71
TIIVERBTREBERE AT HEREE LCGHEY
5. ZOFHHIC BT OBEHZEIE AT FERE DT
ICERT L. BEZEEREIZ, Tur <RI EE
$TRE, GPUBOMBEICHEDb L EEHRETHSH. MPLEH
% CPU a— FICELA L7clE O 7R 7T I v 7 FET
X, GPU Mo#fEIc817 %, CPU-GPU BoiEfE b EE
THLENH L., AE)EFEREHLT, SEEBCAE)T
FLAZBEST2HOBHRTHL. 771 V705
B, W1 ROMEIC T 5 EERE R,

AE) BREKEBEERBEEHIRT A2 EICEoT244
ANy v AH A, 1 EBIE, NTOWREEEZESTIET
HhH. AERYEEHRIHSL ZLICEoT, RET, bLL
EREELT FLATRERDA 720, IAZESHT I LN
T&4. 2HBIE, 7070585 MELTEAHT
HBH. MPII2 I 2= — 4NV —TLEeH\T, 7ur7
LK E(E & RICRR T AKE, ComEEFE V-7
TIWZANDBDH, $72, MPI 2 2 2 =4 —% & GPU-CPU
BOBEZEDLIICHAGDOELODEEETLHILE
Bh5LH. WEZEBHIWALZLICLoT, TOE(ELES
ICHED LN TE L, A2 CRIEZEE L, GPU M,
GPU-CPU [, CPU WD EDGHT CEET D% mit5h
LT, TuTIIHERTRE T RO — AOVEIEO
CPUI—F, H5VEIZDOMETHLHEFMTES. L
7255 C, 3D I — KB LT — & ik OFIR % &F
g 2HEE LTHNA.

%+ 412, Loopl8, #7714 AV 7u—gtHICBWT, 7
070 EETRE, CPUMOBEICHEDLL AT K&
WEBOLEZ/RYT. FLATICX ) W7 7 r—vark

R4 TUTIIPERIRSBEREAETVE
Table 4 Comparison of the number of communications and

memory addresses.

Livermore Loopl8
CPU+MPI | w/oFLAT | with FLAT
WEHRER 1 3 1
X8 FIER 2 4 2
FTT 4 AN T O -5
CPU+MPI | w/oFLAT | with FLAT
BRI 16 48 16
AT BIER 32 64 32

(1) A=A IVEEE, (2) MPI ¥ % %179 % CPU 2 — F
(3) GPU-CPU MO 7 — #§%Z D a— ¥,
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HIZAED) ZEHEBEZEHEPHIMS LTS, I,
FFF 4N T a—FHETIE, WEE D RE K INT
W, I, BEEAREL LA, BERIE3 S
D1, AEVHI25D1 &EhbizdTHEL. TDEHIZ,
T FEEEN L WA, 7079 <vORAHEEIKTE S,

% 72, with FLAT ®#£%13 CPU+MPI & [f] L CTH %
2, FLAT I & - C GPU-CPU M D @EEEEA 0
12729, GPU-CPU M OBEA*EET A LER L kD120
Thb. 2F), CPUMOBEZFET S I & LRI,
GPU MO@E 2k T& 5 2 & 2R T

E 512, with FLAT "3 X% GPU-CPU OEE%
BHIZ0THY, CPUBOBEZERDL 0 THbH7-0,
CPU I — F L CHEBEBICIRET 2 AT ZRHL 012
%h. L7zS-> T, CPU I— FOEHIIAE LR L. D
F0, INFTEATLILEN o/ 3HEOI— L
Ty HEEDH B, MPIMLEE A F479 %5 CPU I — K&,
GPU-CPU DT — M EDOEHPLE LR kb, TE
DA S, FLAT 12 GPU-GPU M@ I12B175 70
FIIVZAAMEBERTEDLEZDONS.

4.3 ETEEF—/NAy KOS
4.3.1 F—1\~Ny ROER

R 5 12RT/ — F 16 &4 % Gigabit Ethernet THfi L 72
GPU 7 5 A% %\, AT % 354 L 7-.

FLAT 13 MPI LB 72 OS2 5 — VBB o W - T
%479 OT, J1— VBN T MPI B %NHER§ 25412
WFEE WO — AV LT, £
EDTMPIMES ) 7 ZANCEANY =T 7
IZHA, 77— VBB LIS R 5. ZOF —
NNy RIE, FER [11] OFEE, 71— VOO
L1l&H70, #5120 L LOBMEZEST 5 Z & RS
NTW5., ThUE, 7= 2 VEBEOKT 25, GPU 25
CPU~NDMPI) 7 T A b - 7— % OEERM & 7 — %V
BBOFIFO LR 2 5O CEHIl L 72 D TH 5.

FLAT 219 2 B2 E L A ETREO + — 3y Fid
SCHR[11]) TEHIIL 72 (1) 250 T, RDAODEZLNS.
(1) 51— VBB OO L IE D BT & 2 LB i
(2) LY AY DBREE - HIFICET IR
(3) GPU D5 CPU K451 72 A b (HiEfk) D%ME

&5 GPUZFRYEMET L4/ — FOMHT
Table 5 Specification of a GPU cluster.

CPU Intel(R) Core(TM) i7-3930K 3.20 GHz
AEY 64 GB
OS CentOS release 6.4

(Linux x86_64 2.6.32-358)
v b7 =2 1F | Intel(R) 82579LM NIC
GPU NVIDIA GeForce GTX 660 (Kepler)
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S|
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Ihoo7urIalE, ki (2) 0% AT OBk -
BIFDF =Ny RPFELLZWE ) IZEEL LU
& OEME - AIRIZBIT 2 4 — 3y FIZOW TR [12]
Y R (A
4.3.2 Livermore JV—7 Loopl8

¢, Livermore )V — 7' ® Loopl8 IZDWTHEET L, 7
077 A%, 1,024 x 1,024 @ float Bl 2 KICEIH T, 7
&AM AT ) MAEIRIE 1,024 7 — FORETH 5. FATH
Ra2BE 15 (IRT. HEMIETRMTH Y, iz —F
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nr-.

Loopl8 I2BWT, #—fVEBOROH LD
LEICH 75, FHAAERIE 140 u B (4 7 — FFEITHE) 225
40p s (16 7/ — F947HF) FC, with FLAT O F —/\A v
FOBAT 5 2 E AR SNz, TR ER (1) PAto
BFEHIZE )ALz DTH A, SCHk [11] 1&, with FLAT,
w/o FLAT & $ 12 A &) FERR - IO R %2 & 60 THRHI
L, =394 XME LRV (1) DADF =N~y K%
FRllLTwa. Lo L, —iEma 717 7 4 TlE, MPI#E
BOROICHER L AT ) IZEAA SN 720, Ko

0.011 T T T
001 F with FLAT —+— |
01 w/o FLAT —X—
0.009 [

0.008
0.007
0.006
0.005
0.004
0.008
0.002
0.001

Execution Time[sec]

12 4 8 16
# of nodes
15 Livermore V' — 7 Loopl8 D EATIRE
Fig. 15 Execution time of Livermore Loopl8 with and without
FLAT.

w/o FLAT O Loopl8 &1, FHUIEFHIZ A € O -
B E ZD TR, CORE, (4) BEMEOAE) D
fetf - RIS, with FLAT O —/x~y F& LTz &
Z2Z5HNAb, Loopl8 DFEERTIX, * T DR - IS
WK 8O WORMAEST 2 2 EFHIIEN T2,

72, A=Ay N4/ —FEh) /) — FEDPREVY
BINEL Lo T S EPHERR SN, 1 7 — FEEZI
WENREST, 2/ — FERIZHE TS 1 EBEI Thbh
LHOH#RGEDT, FLAT IZE B F ="~y FiZ/h&Ewn, )y
MOBENFET S 4/ — FED RS+ — N~y FHPVKE
Kb, PR, 7 — FEPZWEAE, /- FH)T
FAETLZT—F Ty b (F—v &) WNEL R B0,
F—=NANy FHZFNIZE Do TRNEL 5.

w/o FLAT 2%t 3 % with FLAT OB T RIL AT
#¥)3%THY, 16 / — FETTIIN 2% TH 5 Z & 3R
Nz,

433 FT7T4HNTO-FE

KIS, AT T4 NV T7a—FE TS T AN TEEE
5. B 16 12, WHT WG A X (BAILE 7 L)
% (a) 320 x 240, (b) 512 x 384, (c) 640 x 480 THEATL 7=
EEDAN—T v MERT. L — FTH Y, ek
IR L -7 L —2%% (FPS) ThbH. MHT—
#13 float BT, ZSmtEISIE 16 / — FETOBA, Fh
ZN (a) 2,156, (b) 3,332, (c) 4,116 7— FTH 5.

with FLAT &, Hif&¥ 1 X (a) D 16 / — FEFTIZB W
TO60FPS 2 K& <2 THY, (b) TL30FPS 2z T
Wb, L72h5 T, w/o FLAT Lk, V7 VE A LTO
T4 AT A - RETH B

W% A X (c) D w/o FLAT |2k9 % with FLAT O
BRI FERIT B TR A% TH D, 16 / — FEITTIEH 1% T
Hb. (a) D12/ — FETIZBWT with FLAT O/37 % —
TUAPKTTAEHHAELT, /—F%3x4DX v 2l
BlEL-ZEDHITFoNE. ok, o220 —
FIZREPD 8 D/ — N EWEIB O ZHAD LB T2 B 7
O, 71— IVEEOHE - BHOZAED w/o FLAT X1 %
G b, TOZERD, (1)BLU(4)DF =3~y F
WREL ol wz A, T2, Wifg 4 212X o T with

160 [ with FLAT —— ' X with FLAT —+—
—X— | w/o FLAT —X—

| wio FLAT

®100

Throughput [frames/sec]

Throughput [fr:
(2]
o

[
o

with FLAT —+—
| Wio FLAT

Y iy ) N
o o o (&)
T T T

Throughput [frames/sec]

o
T

12 4 8 12 16 12
# of nodes
(a):frame size (320x240)

# of nodes

(b):frame size (512x384)

o

L L - L L L L
12 16 12 4 8 12 16

# of nodes
(c):frame size (640x480)

16 F 774 V7 u—tEOETRE
Fig. 16 Performance of an optical flow program with and without FLAT.
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