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ABSTRACT

Matrix is a fundamentally important technique in various fields of technological research
and development such as engineering works and scientific researches. However, the weakness of
matrixes is an expensive computation, especially in the large data set. Therefore, the research
proposes a parallel matrix multiplication C = AxB by using matrix transpose with tiling
technique. This technique suggests the tiling-based transpose for the second matrix (B) only. The
proposed method can decrease a number of data moving in each processor. Afterward, matrix B is
changed to transpose for simple and fast access by MPI standard, a standard of parallel
programming design used in this research. Then, three methods (row-block partitioning matrix-
transpose multiplication with replicated data, checkerboard-block partitioning matrix-transpose
multiplication with replicated data, and row-block partitioning matrix-transpose multiplication without
replicated data) of parallel matrix multiplication are introduced, which are different in data
parting and data replicating in each processor. To evaluate method’s performance, the response
time of three methods are compared to the matrix multiplication with the ideal transpose
technique. Among all methods, the experimental results show that the checkerboard-block
partitioning matrix-transpose multiplication with replicated data method (cbmtm w) achieves
highest response time, which are 1.5sec, when the matrix size is 1024x1024.In other hand, the
worst method was performed by row-block partitioning matrix-transpose multiplication without

replicated data (rbmtm_w/o0), the method achieves response time 3.53 sec.
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24.2 mmﬂwm%’mﬂgauunmsn (Checkerboard Partitioning)

(0,0) (0,1) (0,2) (0,3) [0,4) (0,5) [0,6) (0,7)
P, P, P, P,

(1,0) (1,1) {(1,2) (1,3) [(1,4) (1,5) (1,6) (1,7)
(2,0) (2,1) |(2,2) (2,3) {(2,4) (2,5) [(2,6) (2,7)
P, P, P, P,

(3,0) (3,1) [(3,2) (3,3) [3,4) (3,5) {3,6) (3,7)
(4,0) (4,1) (4,2) (4,3) [4,4) (4,5) (4,6) (4,7)
PS P‘) 1310 1)ll
(5,0 (5,1) [ (5,2) (5,3) |(5,4) (5,5) [5,6) (5,7)
(6,0) (6,1) | (6,2) (6,3) |(6,4) (6,5) [6,6) (6,7)
P]2 P]3 PI4 PIS
(7,0) (7,1) (7,2) (7,3) {(7,4) (7,5) [(7,6) (7,7)

ﬂﬁ 2.22 ﬂ”liLL‘]N%ﬂﬂl’e)iJﬁLL‘]J‘]J Block - checkerboard partitioning
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' . e ' S
2) ﬁﬂﬁuuwﬂﬁi’fmgmmu Cyclic — checkerboard partitioning Ao mmmw%uﬁmﬂu

a EdRl [ 9 9 = 9 a [ [ 1
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a 1 1 v o {
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PO Pl PZ P3

(4.0) (4.4) |(4.1) (4.5) |(4.2) (4.6) (4.3) (4.7)

(1.0) (1.4) |(1.1) (1.5) |(1.2) (1.6) [(1.3) (1.7
P, P, P, P,

(5.0) (5.4) |(5.1) (5.5) [5.2) (5.6) {5.3) (5.7)

(2.0) (2.4) 2.1 (2.5) [2.2) (2.6) {2.3) (2.7)
PS P9 PIO Pll

(6.0) (6.4) |(6.1) (6.5) (6.2) (6.6) [6.3) (6.7)

(3.0) (3.4) [(3.1) (3.5) (3.2) (3.6) [3.3) (3.7)
Pl2 P13 P14 PlS

(7.0) (7.4) ((7.1) (7.5) |(7.2) (7.6) {7.3) (7.7)

517 2.23 msisyAToL AN A1 Cyclic - checkerboard partitioning
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2.5 HANMSNIHAINTINAI NBUVVVHIY (Parallel Matrix Transpose)
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Y
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nounILINNTanlunsan ﬁwmumawmﬂﬂﬁzmawa P MAY (P= n2) LRLRR]

$ [ 3’, g‘./ a 4 o gl.l

ASAN P Toona (P < ) WumInsua Inanauaingaiuson ldaesruaou Iaalsd
ax o9 .. . 9 1 [ @ 1 A a o
ABMINUIVOYANUY Checkerboard partitioning 1101598 AaAAIAI0819 TUNTANUAT NG

e I 9 oA [ 1 A @ AA 2 A
Y19 8x8 Turuaeunsnazilumsdemneglunielssuanamieununsalil P=n" (U0

Y

2.26) uazauaouasu Ao Msinsnsud Indlutaaznilolseuiana (Transpose Locally)

[T

a3 2.27

(O,Q) (0,1) |(0,2) (0,3) [(0,4) (0,5) [0,6) (0,7)
Pro=t=> P ==-F-> P, ---F->P,

1,0) /f\(l,"i')-n(;,Z) | 13 f149 w5 [16) | @wn
(20 ! (21 (2";2-).__\1/ (23) [24) N (25)[26) \ @7)
P, €1— Puz-=F=> P, -==F->P,

(3,0) 1 (3,1) (3,2) 4\(3 3) 13,4) (3,5) [3,6) (3,7)
40) ¢ @1|@2) 1 (43 |G4) [, @5)[@6) \, 47)
P8< P, < .'P.l.'()a___-_}Pll

A A
(500 1 (5052 4 53) 654 4 G)Ge) | (57)
(60) 1 (61 |62 | (63) [64) | (65)[66) V. (67)
Plz < P13< P14 I.P'i's.n
(700 70|72 23 |74 o576 G

ﬂﬁ 2.26 T]ﬁ‘VINﬂ1iﬁﬂﬁ1iﬂlﬂﬂﬂ1iﬂi?ﬂﬁ17‘lﬁ'm¢ﬁﬂ%ﬂ’lﬂﬂTﬁL%@N@@LLUULNﬁ"K (P<n )

00) » (1|02 > (03|04 ,> (0 5)[08) 5.(07)
g /Py, /P,
(1,0) 2’(1 1)](1,2) < (1,3)] (1, 4) < (1 5)(1,6) €(1,7)
(0,2) >(03) (2,2) > (23) 4,2) ,> (43) (6,2) >(63)
_l P,, / P, ! P ! P
(1,2) </ (1,3)] (3,2) </ (3,3)] (5,2) </ (5.3)7,2) </(7,3)
(0,4) >(0 5)[(2,4) >(2 5) |(4,4)
/P, P, IR /P
(1,4) </(1 5)| (3,4) </ a5)| 4 <9 (7,4). <75)
©6) (07|26 5 @76 47 (66  567)

(4,5) |(6,4) (6,5)

.Iplgl IP|3// .IP|4,/ .I Pl;/
we Cunlee Cenles Cenpe <o
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2.6 mimwaﬂmmmmﬂ‘%ncﬁamumum (Parallel Matrix Multiplication)
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Matrix Multiplication: C = AXB : O(nS)
Begin
fori=1tondo /lelements in row i

forj=1tondo //elements in col j
cli,j1=0
fork=1tondo //sum of C = AXB (on element k)

clijl = clijl + ali k]*blk,j]
end for k&
end for j
end for i
end
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Fumoud 1:01) NN’ PEs (Pl./.kgﬁa ij k=1,2,...,n)
CRead A, k)

CRead B(%, §)

Compute A(i, k) * B(k, /)

Store C(i, j, k)

v
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Funovdi 2 :0(log,n) NN #'/2 PEs (P j =12, k=12,...,n/2)
L€ n
Repeat (all Pui j=12,...nk= 1,2,...,n/2)
L L2
if (k<L) then begin
Read C(i, j, k)
Read C(i, j, k+L)
Compute C(i, j, k) + C(i, j, k+L)
Store in C(i, j, k)
End
until (L=1)
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Begin
for alli=1 to npardo //P, Computes row i
forj=1ton
cli,j1=0
fork=1ton
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end for £
end for j
end for all
end
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@ ' @ A == = . [
AIDYNINTLIHUDU L’éJiJWul’éJ-Gli (MPI - C like) VOIMINT U TNV VUL Llﬁﬂﬂﬂﬂg‘ﬂ 33

Master Processor

Start MPI
Create Data (A and B)
Send Data to Workers

MPI_Isend(&mat bC1[0][0], PARTION*PARTION, MPI DOUBLE, 1, MASTER TO SLAVE TAG,
MPI_COMM_WORLD, &request);

MPI Isend(&mat bC2[0][0] PARTION*PARTION, MPI DOUBLE, 2, MASTER TO SLAVE TAG + 1,
MPI COMM_WORLD, &request);

MPI_Isend(&mat bC3[0][0], PARTION*PARTION, MPL DOUBLE, 3, MASTER TO SLAVE TAG +2,
MPI_COMM_WORLD, &request);

MPI _Isend(&mat_bC4[0][0], PARTION*PARTION, MPI_DOUBLE, 4, MASTER TO SLAVE TAG + 3,
MPI_COMM_WORLD, &request);

'Wait for Result

MPIL_Recv(&mat_bC1_T[0][0], PARTION*PARTION, MPI_DOUBLE, 1, MASTER TO_SLAVE TAG,
MPI_ COMM_WORLD, &status);
MPI Recv(&mat bC2_T[0][0], PARTION*PARTION, MPI DOUBLE, 3, MASTER TO_SLAVE_TAG,
MPI_COMM_WORLD, &status);
MPI Recv(&mat bC3 T[O][O] PARTION*PARTION, MPI DOUBLE, 2, MASTER TO SLAVE TAG,
MPI_COMM WORLD, &status);
MPIL_Recv(&mat_bC4_T[0][0], PARTION*PARTION, MPI_DOUBLE, 4, MASTER TO_SLAVE TAG,
MPI COMM_WORLD, &status);

'Worker Processor

Receive Data from Master

rank :1 MPI_Recv(&mat_bC1[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER_TO_SLAVE_TAG,
MPI COMM WORLD, &status);

rank :2 MPI Recv(&mat bCZ[O][O] PARTION*PARTION, MPI DOUBLE, 0, MASTER TO SLAVE TAG +
1, MPI COMM WORLD, &status);

rank :3 MPI Recv(&mat bC3[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER _TO SLAVE TAG +
2, MPI COMM_ WORLD, &status);

rank 4 MPI Recv(&mat bC4[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER_TO_SLAVE_TAG +
3, MPI COMM WORLD, &status);

Perform Transpose Matrix
for (1= 0; i < PARTION; i++)
for (j = 0; j < PARTION; j++)
mat_bC_T[i][i] = mat_bC4[i][j];

Send Data to Master
rank :1 MPI_Isend(&mat bC1_T[0][0], PARTION*PARTION, MPI_ DOUBLE, 0, MASTER _TO SLAVE_TAG,
MPI_COMM_WORLD, &request);
rank :2 MPI Isend(&mat bC2_T[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER _TO SLAVE TAG,
MPI_COMM_WORLD, &request);
rank :3 MPI Isend(&mat bC3_T[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER_TO_SLAVE_TAG,
MPI_COMM_WORLD, &request);
rank :4 MPI Isend(&mat bC4 T[0][0], PARTION*PARTION, MPI_DOUBLE, 0, MASTER_TO_SLAVE_TAG,
MPI_COMM_WORLD, &request);

(3
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2 [
3.2 m‘mmaﬂmmmnmmmaiwmmnmum (Parallel Matrix Transpose

Multiplication)
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(Row-Block Partitioning Matrix Transpose Multiplication with replicated data)
2) MIMIWARUINAT DFNT LA TNAUUUYIIUAR20TD cbmim_w
(Checkerboard-Block Partitioning Matrix Transpose Multiplication with replicated
data)
3)  MISHINARUINAT NFNT IS TNEIUUVLIURIETD tbmim_w/o
(Row-Block Partitioning Matrix Transpose Multiplication without replicated data)
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Medsdamiloudui lo-& (MPI - C like) 1933 rbmtm_w uanalugili 3.5

Master Processor

Start MPI

Create Data (A and B)

Perform Transpose Matrix B

Send Data to Workers
MPI_Isend(&low_bound, 1, MPI_INT, i, MASTER _TO_SLAVE_TAG, MPI_COMM_WORLD, &request);
MPI_Isend(&upper | bound, 1, MPI INT, i, MASTER TO SLAVE TAG+1 MPI COMM ~WORLD, &request)
MPI Isend(&mat a[low bound][0], (upper bound - low_bound) * NUM_COLUMNS_A, MPI_DOUBLE, i,
MASTER_TO_SLAVE _TAG + 2, MPI COMM_WORLD, &request);
MPI Bcast(&mat bT, NUM ROWS B*NUM COLUMNS B, MPI DOUBLE, 0, MPI COMM_WORLD);

'Wait for Result

MPI Recv(&low bound, 1, MPL INT, i, SLAVE TO MASTER_TAG, MPI COMM_WORLD, &status);
MPI_Recv(&upper_bound, 1, MPI INT, 1, SLAVE TO MASTER TAG + 1, MPI COMM WORLD, &status);
MPI_Recv(&mat_result[low_bound][O (upper_bound - low bound) * NUM_COLUMNS_B MPI_DOUBLE, i,
SLAVE_TO MASTER TAG +2, MPI COMM_WORLD, &status);

'Worker Processor

Receive Data from Master

MPI_Recv(&low_bound, 1, MPI_INT, 0, MASTER TO_SLAVE TAG, MPI_COMM_WORLD, &status);

MPI Recv(&upper bound, 1, MPI INT 0, MASTER TO SLAVE TAG+1 MPI COMM WORLD &Status)
MPI_Recv(&mat_a[low_bound][0], (upper bound - low_bound) * NUM | COLUMNS A, MPI _ DOUBLE 0,
MASTER TO SLAVE TAG +2, MPI COMM WORLD, &status);

Perform Matrix Multiplication

for (i = low_bound; i < upper_bound; i++) {
for (j = 0;7 < NUM_COLUMNS_B; j++) {
for (k =0; k <NUM_ROWS B; k++)
\ mat_result[i][j] += (mat_a[l][k] * mat_bT[j][k]);

b

Send Data to Master
MPI_Isend(&low_bound, 1, MPI_INT, 0, SLAVE TO MASTER_TAG, MPI. COMM_WORLD, &request);
MPI Isend(&upper bound, 1, MPI INT 0, SLAVE TO MASTER TAG+1 MPI COMM WORLD &request)
MPI Isend(&mat result[low bound][O] (upper bound - low_bound) * NUM COLUMNS , MPI_DOUBLE, 0,
SLAVE TO _MASTER TAG +2, MPI COMM_WORLD, &request)

@
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3.2.2 mimwagmmﬂ‘%n%mmﬂwmmumum 72835 cbmtm_w (checkerboard - block

partitioning matrix - transpose multiplication with replicated data)
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Master Processor

Start MPI

Create Data (A and B)
Perform Transpose Matrix B
Send Data to Workers

MPI_Isend(&low_boundA, 1, MPI_INT, i, MASTER_TO_SLAVE_TAG, MPI_COMM_WORLD, &request);

MPI_Isend(&upper boundA, 1, MPI_INT, i, MASTER TO SLAVE TAG+1 MPI COMM WORLD &request)

MPI_Isend(&mat_a[low_boundA][0], (upper boundA - low boundA) * NUM_COLUMNS_A, MPI DOUBLE, i,
MASTER_TO_SLAVE _TAG + 2, MPI COMM_WORLD, &request);

MPI Isend(&low “boundB, | l,MPI INT i, MASTER TO SLAVE TAG, MPI COMM_WORLD, &request);

MPI Isend(&upper boundB, 1, MPI INT, i, MASTER TO SLAVE TAG + 1, MPI COMM WORLD, &request)

MPI_Isend(&mat_bT[low | boundB][O] (upper boundB - low boundB) *NUM_ COLUMNS B MPI_DOUBLE, i,
MASTER_TO_SLAVE TAG +2, MPI COMM_WORLD, &request);

Wait for Result

MPI_Recv(&mat result C1[0][0], PARTION*PARTION, MPI DOUBLE, 1, SLAVE TO_MASTER TAG,
MPI_COMM_WORLD, &status);

MPI_Recév(&mat_result C2[0][0], PARTION*PARTION, MPL DOUBLE, 2, SLAVE _TO_MASTER_TAG + 1,
MPI COMM_WORLD, &status);

MPI Recv(&mat “result _ C3[0][0], PARTION*PARTION, MPI. DOUBLE, 3, SLAVE_TO_MASTER _TAG + 2,
MPI_ COMM_WORLD, &status);

MPI Recv(&mat_result C4[0][0], PARTION*PARTION, MPI DOUBLE, 4, SLAVE TO MASTER TAG + 3,
MPI_COMM_WORLD, &status);

'Worker Processor

Receive Data from Master

MPI Recv(&low boundA, 1, MPI_INT, 0, MASTER TO SLAVE TAG, MPI COMM_WORLD, &status);

MPI Recv(&upper boundA, I,MPI INT 0, MASTER TO SLAVE TAG+I MPI COMM WORLD &status);

MPI_Recv(&mat_a[low_boundA][0], (upper boundA - Tow_boundA) * NUM COLUMNS A, MPI DOUBLE 0,
"MASTER TO SLAVE TAG + 2, MPI COMM WORLD, &status);

MPI Recv(&low boundB 1, MPI INT 0, MASTER TO SLAVE TAG, MPI COMM WORLD, &status);

MPI Recv(&upper boundB, I,MPI INT 0, MASTER TO SLAVE TAG + 1, MPI COMM WORLD &status);

MPI_Recv(&mat bT[low boundB][0], (upper boundB - low_boundB) * NUM COLUMNS B MPI_DOUBLE 0,
MASTER TO SLAVE TAG + 2, MPI COMM _ WORLD, &status);

Perform Matrix Multiplication
for (i = low_bound; i < upper_bound; i++) {
for (j = 0; j < NUM_COLUMNS _B; j++) {
for (k=0; k <NUM ROWS B; k++)
} mat_result_C[l%PARTION][_]%PARTION] += (mat_a[i][k] * mat bT[j][k])
}

Send Data to Master

MPI_Isend(&mat result C1[0][0], PARTION*PARTION, MPI DOUBLE, 0, SLAVE TO MASTER TAG,
MPI_COMM_WORLD, &re uest)

MPI_Isend(&mat result CZ[O][O] PARTION*PARTION, MPI DOUBLE, 0, SLAVE TO_MASTER TAG + 1,
MPI_COMM_WORLD, &request)

MPI_Isend(&mat result C3[O][O] PARTION*PARTION, MPI DOUBLE, 0, SLAVE TO_MASTER _TAG +2,
MPI_COMM_WORLD, &request)

MPI_Isend(&mat result C4[O][O] PARTION*PARTION, MPI DOUBLE, 0, SLAVE TO MASTER TAG + 3,
MPI_COMM_WORLD, &request)
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Master Processor

Start MPI

Create Data (A and B)
Perform Transpose Matrix B
Send Data to Workers

MPI Isend(&low boundA, 1, MPI INT, i, MASTER TO_SLAVE TAG, MPI COMM_WORLD, &request);

MPI_Isend(&upper boundA, I,MPI INT, i, MASTER TO SLAVE TAG + 1, MPI COMM WORLD, &request);

MPI_Isend(&low_boundB, 1, MPT INT, i, MASTER TO SLAVE TAG+2 MPI COMM WORLD &request);

MPI_Isend(&upper boundB MPI INT, i, MASTER TO SLAVE TAG+3 MPI COMM WORLD &request)

MPI_Isend(&mat a[low | boundA][O] (upper boundA - low boundA) *NUM COLUMNS A MPI DOUBLE, i,
MASTER TO_SLAVE_TAG + 4, MPI COMM_WORLD, &request);

MPI_Isend(&mat_bT[low boundB][0], (upper boundB - low boundB) * NUM_COLUMNS B, MPI DOUBLE, i,
MASTER TO SLAVE TAG + 5, MPL COMM_WORLD, &request);

Wait for Result

MPI_Recv(&low boundA, 1, MPI INT, i, SLAVE_TO MASTER TAG, MPI COMM WORLD, &status);

MPI_Recv(&mat_result[low boundA][0], portion* NUM_COLUMNS B, MPI DOUBLE, i,
SLAVE TO MASTER TAG + 1, MPI COMM WORLD, &status);

'Worker Processor

Receive Data from Master
MPI_Isend(&low_boundB, 1, MPI INT, rank-1, SLAVE_ TO_SLAVE_TAG+1, MPI_COMM_WORLD, &request);
MPI_Isend(&mat_bT[low boundBT[O] portlon * NUM_COLUMNS A, MPI DOUBLE rank-1,

SLAVE _TO SLAVE TAG ,MPI_ COMM_WORLD, &request);
MPI_Recv(&low_boundB, 1, MPI INT, rank+1, SLAVE TO SLAVE TAG+ 1, MPI COMM_ WORLD, &status);
MPI_Recv(&mat_bT[low | boundB] portlon* NUM_COLUMNS_B, MPI DOUBLE rank+1,

SLAVE_TO SLAVE_TAG, MPI COMM _WORLD, &status);

Perform Matrix Multiplication

for (i =low_boundA; i <upper_boundA; i++) {
for (j =Tow boundB; j < 183861" boundB; j++) {
for (k=0; k<N LUMNS B: k++)
\ mat result[l][]T+— (mat_a[ [iT[k] * mat - bT[j1[k]
}

Send Data to Master
MPI_Isend(&low_boundA, 1, MPI_INT, 0, SLAVE TO MASTER_TAG, MPI_COMM_WORLD, &request);
MPI_Isend(&mat_result[low boundA][O] portlon* NUM_COLUMNS_B, MPI DOUBLE, 0,
SLAVE TO MASTER TAG+1,MPI COMM WORLD, &request)

‘]Jﬁ 3.10 G]’JfJEJNTH’dlfHII@Ll L’é)ll“l/‘lul,f] - (MPI — C like) VY0475 rbmtm _w/o
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