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Abstract—In this paper, we treat GPU implementations of the
following three fundamental algorithms for each 1-dimensional
array, which is one of given L 1-dimensional arrays: (1) cal-
culating the prefix sum, (2) sorting by Bubble sort, (3) sort-
ing by Bitonic sort. There are two methods to store L 1-
dimensional arrays as a 2-dimensional array: one is to store each
1-dimensional array as a row-wise array, and the other is to do
each 1-dimensional array as a column-wise one. A 2-dimensional
array stored by the first or second method is called by a row-
wise array or a column-wise array, respectively. We compared
with the computation times of applying GPU implementation of
above three algorithms to a row-wise array and a column-wise
array. The experiment results show that GPU implementation of
column-wise prefix sum is speedup factor up to 46.53 over that
of row-wise one, and that GPU implementation of column-wise
Bubble sort or Bitonic sort is to 58.52 or 17.86, respectively, over
row-wise one.
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Algorithm 1 Calculate Prefix Sum Y of X

Yy = Xo.

for j=1tom—1do
Y, =X, +X,_1.

end for

g

_ _device__ void psum_core (DATA *fZ—\)\
{

3 int i,3,t;
4
5 for (i=1;i<N;i++) {
6 fA[i] += fA[i-17];
7 }
8 1}
9 _ _global_  void psum_row_wise
(DATA =fA)
10 |
11 int id, p;
12 DATA *fB;
13 id = blockIdx.x * blockDim.x
14 + threadIdx.x;
15 p = id *« N;
16 fB = &fA[p];
17 psum_core (fB) ;
Nl J
Fig. 5. CUDA program for Row-wise prefix sum.
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Fig. 6. CUDA program for Column-wise prefix sum.



TABLE 1. COMPARISON OF GPU AND CPU TIME (MS) FOR
CALCULATING PREFIX SUM, WHERE EACH INPUT IS THE INT DATA TYPE.
AND RATIO REPRESENTS
GPU TIME OF ROW-WISE/GPU TIME OF COLUMN-WISE.

GPU Ratio CPU

TxB= L Row-wise Column-wise (R/C)
64x1= 64 1.257 0.073 17.22 0.121
64 x 2= 128 1.259 0.108 11.66 0.254
64 x 4= 256 1.262 0.108 11.69 0.495
64 x 8 = 512 1.265 0.112 11.29 0.987
64 x 16 = 1024 1.712 0.121 14.15 2.343
64 x 32 = 2048 3.694 0.141 26.20 3.924
64 x 64 = 4096 9.609 0.231 41.60 7.904
64 x 128 = 8192 24.520 0.527 46.53 16.524
64 X 256 =16384 42.252 1.118 37.80 31.517
64 x 512 =32768 74.270 2.256 32.92 63.386
64 x 1024 =65536 138.266 4.581 30.18 126.631

TABLE II. COMPARISON OF GPU AND CPU TIME (MS) FOR
EXECUTING BUBBLE SORT, WHERE EACH INPUT IS THE INT DATA TYPE
WITH TYPE S. AND RATIO REPRESENTS
GPU TIME OF ROW-WISE/GPU TIME OF COLUMN-WISE.

GPU Ratio CPU

TxB= L Row-wise Column-wise (R/C)
64x1= 64 1,719.475 132.342 12.99 43.810
64 x 2= 128 1,719.473 129.744 13.25 91.868
64 x 4= 256 1,719.471 175.638 9.79 179.701
64 x 8 = 512 1,720.505 188.563 9.12 349.210
64 x 16 = 1024 1,724.047 195.293 8.83 697.334
64 x 32 = 2048 2,034.586 208.852 9.74 1,393.435
64 x 64 = 4096 6,463.130 235.995 27.39 2,787.310
64 x 128 = 8192 17,945.799 306.639 58.52 5,575.071
64 x 256 =16384 35,588.621 618.229 57.57 11,147.293
64 x 512 =32768 71,059.414 1,236.398 57.47 22,314.887
64 x 1024 =65536 141,566.953 2,476.417 57.17 44,609.561
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TABLE IIIL COMPARISON OF GPU AND CPU TIME (MS) FOR
EXECUTING BUBBLE SORT, WHERE EACH INPUT IS THE INT DATA TYPE
WITHE TYPE D. AND RATIO REPRESENTS
GPU TIME OF ROW-WISE/GPU TIME OF COLUMN-WISE.

GPU Ratio CPU

TxB= L Row-wise Column-wise (R/C)
64x1= 64 1,311.014 128.398 10.21 48.718
64 x 2= 128 1,311.015 128.856 10.17 92.926
64 x 4 = 256 1,311.006 175.699 7.46 175.550
64 x 8 = 512 1,310.908 188.570 6.95 353.238
64 X 16 = 1024 1,313.293 195.281 6.73 697.498
64 x 32 = 2048 1,378.023 204.841 6.73 1,392.545
64 X 64 = 4096 3,824.223 233.160 16.40 2,782.425
64 x 128 = 8192 11,243.516 307.050 36.62 5,567.844
64 X 256 =16384 22,355.297 618.945 36.12 11,134.103
64 x 512 =32768 44,588.641 1,236.623 36.06 22,261.717
64 x 1024 =65536 88,917.430 2,476.595 35.90 44,535.740
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TABLE IV. COMPARISON OF GPU AND CPU TIME (MS) FOR
EXECUTING BITONIC SORT, WHERE EACH INPUT IS THE INT DATA TYPE.
AND RATIO REPRESENTS
GPU TIME OF ROW-WISE/GPU TIME OF COLUMN-WISE.

GPU Ratio CPU

TxB= L Row-wise Column-wise (R/C)
64x1= 64 54.637 12.705 4.30 4.827
64 x 2= 128 55.160 14.427 3.82 7.875
64 x 4= 256 55.364 16.378 3.38 15.840
64 x 8 = 512 55.502 16.409 3.38 31.836
64 x 16 = 1024 56.875 16.586 3.43 63.534
64 x 32 = 2048 81.883 17.416 4.70 127.422
64 x 64 = 4096 219.930 19.401 11.34 254.714
64 x 128 = 8192 532.955 29.836 17.86 508.033
64 X 256 =16384 1046.493 60.429 17.32 1015.430
64 x 512 =32768 2093.193 118.326 17.69 2034.253
64 x 1024 =65536 4173.395 236.217 17.67 4065.493

TABLE V. COMPARISON OF GPU TIME (MS) FOR CALCULATING
ROW-WISE PREFIX SUM, INPUTTING THE INT DATA TYPE, THE FLOAT DATA
TYPE AND THE DOUBLE DATA TYPE ARRAY.

TxB= L int data type | float data type | double data type
64x1= 64 1.257 1.254 1.404
64 x 2= 128 1.259 1.261 1.405
64 x 4 = 256 1.262 1.264 1.407
64 x 8 = 512 1.265 1.264 1.477
64 x 16 = 1024 1.712 1.797 1.826
64 x 32 = 2048 3.694 3.492 2.956
64 x 64 = 4096 9.609 9.158 8.686
64 x 128 = 8192 24.520 25.015 22212
64 x 256 =16384 42.252 38.947 40.123
64 x 512 =32768 74.270 75.356 75.358
64 x 1024 =65536 138.266 137.412 132.858
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TABLE VI COMPARISON OF GPU TIME (MS) FOR CALCULATING
COLUMN-WISE PREFIX SUM, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY.

TxB= L int data type | float data type | double data type
64x1= 64 0.073 0.073 0.233
64 x 2= 128 0.108 0.108 0.232
64 x 4 = 256 0.108 0.108 0.232
64 x 8 = 512 0.112 0.112 0.234
64 x 16 = 1024 0.121 0.119 0.249
64 x 32 = 2048 0.141 0.141 0.294
64 x 64 = 4096 0.231 0.231 0.444
64 x 128 = 8192 0.527 0.512 0.963
64 x 256 =16384 1.118 1.102 2.008
64 x 512 =32768 2.256 2.230 4.008
64 x 1024 =65536 4.581 4.551 8.319




TABLE VII. COMPARISON OF GPU TIME (MS) FOR EXECUTING
ROW-WISE BUBBLE SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY WITH TYPE S.

TxB= L int data type | float data type | double data type
64x1= 64 1719.475 1719.345 1692.204
64 x 2= 128 1719.473 1719.351 1692.202
64 x 4 = 256 1719.471 1719.733 1692.322
64 x 8 = 512 1720.505 1721.328 1692.270
64 x 16 = 1024 1724.047 1725.173 1694.113
64 x 32 = 2048 2034.586 2037.865 2081.349
64 x 64 = 4096 6463.130 6554.951 6553.022
64 x 128 = 8192 17945.799 17884.131 16923.510
64 x 256 =16384 35588.621 35600.543 33750.898
64 x 512 =32768 71059.414 70946.758 67512.336
64 x 1024 =65536 141566.953 141293.203 135075.234

TABLE VIIL COMPARISON OF GPU TIME (MS) FOR EXECUTING
COLUMN-WISE BUBBLE SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY WITH TYPE S.

TxB= L int data type | float data type | double data type
64x1= 64 132.342 133.463 162.538
64 x 2= 128 129.744 127.167 205.120
64 x 4 = 256 175.638 174.930 217.445
64 x 8 = 512 188.563 188.341 221.561
64 x 16 = 1024 195.293 195.087 228.728
64 x 32 = 2048 208.852 204.795 256.631
64 x 64 = 4096 235.995 233.073 314.623
64 x 128 = 8192 306.639 306.982 594.058
64 x 256 =16384 618.229 618.540 1178.075
64 x 512 =32768 1236.398 1236.820 2392.119
64 x 1024 =65536 2476.417 2477.715 4726.197

000000 Table XHNI-XVI OO OO

Iv. 000

00000LDO0O0O0 A'(0<i<L,|A=N)00D0
0000000 AA00000000 GPUO 1 thread OO
00O GPUOOOOOOOOOOOOOOOOOOOOOO

1) prefixsumOOOO

2) Bubblesort DOOOODOOOOO

3) Bitonicsort O OO0O0O0O0OO0O
O0O000Oprefix sum 000 00O OO Column-wise 0 Row-

ooooooooboo
ooboooooon
goooo

wise OOOO0O0O 465300000
Bubble sort 0 0 O Bitonic sort 0 O O O
00058520000 17.86 00000

REFERENCES

(1] Morgan Kauf-

W. W. Hwu, GPU Computing Gems Emerald Edition.
mann, 2011.
NVIDIA Corporation, “NVIDIA CUDA C programming guide version

5.0, 2012.

(2]

TABLE IX. COMPARISON OF GPU TIME (MS) FOR EXECUTING
ROW-WISE BUBBLE SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY WITH TYPE D.

TxB= L int data type | float data type | double data type
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TABLE X. COMPARISON OF GPU TIME (MS) FOR EXECUTING
COLUMN-WISE BUBBLE SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY WITH TYPE D.

TxB= L int data type | float data type | double data type
64x1= 64 128.398 128.373 159.144
64 x 2= 128 128.856 128.754 205.097
64 x 4 = 256 175.699 175.612 217.460
64 x 8 = 512 188.570 188.544 221.563
64 x 16 = 1024 195.281 195.124 228.690
64 x 32 = 2048 204.841 204.836 256.574
64 x 64 = 4096 233.160 233.153 314.627
64 x 128 = 8192 307.050 306.813 596.615
64 x 256 =16384 618.945 619.438 1185.501
64 x 512 =32768 1236.623 1236.644 2400.929
64 x 1024 =65536 2476.595 2476.131 4746.782

TABLE XI. COMPARISON OF GPU TIME (MS) FOR EXECUTING
ROW-WISE BITONIC SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY.

TxB= L int data type | float data type | double data type
64 x 1= 64 54.637 54.638 48.754
64 x 2= 128 55.160 55.154 49.327
64 x 4 = 256 55.364 55.365 49.413
64 x 8 = 512 55.502 55.516 49.554
64 x 16 = 1024 56.875 56.810 51.215
64 x 32 = 2048 81.883 82.500 85.290
64 x 64 = 4096 219.930 221.742 222.284
64 x 128 = 8192 532.955 532.960 465.082
64 x 256 =16384 1046.493 1055.633 931.229
64 x 512 =32768 2093.193 2078.727 1823.677
64 x 1024 =65536 4173.395 4137.641 3646.143

[3] ——, “NVIDIA CUDA C programming guide version 4.2,” 2012.

TABLE XII. COMPARISON OF GPU TIME (MS) FOR EXECUTING
COLUMN-WISE BITONIC SORT, INPUTTING THE INT DATA TYPE, THE FLOAT
DATA TYPE AND THE DOUBLE DATA TYPE ARRAY.

TxB= L int data type | float data type | double data type
64x1= 64 12.705 12.702 15.182
64 x 2= 128 14.427 12.919 17.894
64 x 4 = 256 16.378 16.394 17.903
64 x 8 = 512 16.409 16.413 17.941
64 x 16 = 1024 16.586 16.585 18.170
64 x 32 = 2048 17.416 17.433 19.535
64 x 64 = 4096 19.401 19.385 23.135
64 x 128 = 8192 29.836 29.749 41.649
64 x 256 =16384 60.429 60.130 84.554
64 x 512 =32768 118.326 120.020 168.364
64 x 1024 =65536 236.217 236.211 355.753




TABLE XIII. COMPARISON OF GPU TIMES (MS) OF ROW-WISE AND

COLUMN-WISE PREFIX SUM WITH TRANSPOSING, WHERE EACH INPUT IS

THE INT DATA TYPE. NOTE THAT EACH GPU TIME OF (B) IS THE SUM OF
THAT OF COLUMN-WISE PREFIX SUM AND TWICE GPU TIME OF

TRANSPOSING.

TxB= L (A) Row-wise (B) Column-wise Transpose
64x1= 64 1.257 0.089 0.073 0.008
64 x 2= 128 1.259 0.140 0.108 0.016
64 x 4 = 256 1.262 0.164 0.108 0.028
64 x 8 = 512 1.265 0.222 0.112 0.055
64 x 16 = 1024 1.712 0.291 0.121 0.085
64 x 32 = 2048 3.694 0.505 0.141 0.182
64 x 64 = 4096 9.609 0.915 0.231 0.342
64 x 128 = 8192 24.520 1.905 0.527 0.689
64 X 256 =16384 42.252 3.976 1.118 1.429
64 x 512 =32768 74.270 7.864 2.256 2.804
64 x 1024 =65536 138.266 15.547 4.581 5.483

TABLE XIV. COMPARISON OF GPU TIMES (MS) OF ROW-WISE AND
COLUMN-WISE BUBBLE SORT WITH TRANSPOSING, WHERE EACH INPUT IS
THE INT DATA TYPE WITH TYPE S. NOTE THAT EACH GPU TIME OF (B) IS
THE SUM OF THAT OF COLUMN-WISE PREFIX SUM AND TWICE GPU TIME

OF TRANSPOSING.

TxB= L (A) Row-wise (B) Column-wise Transpose
64x1= 64 1719.475 132.358 132.342 0.008
64 x 2= 128 1719.473 129.776 129.744 0.016
64 x 4 = 256 1719.471 175.694 175.638 0.028
64 x 8 = 512 1720.505 188.673 188.563 0.055
64 x 16 = 1024 1724.047 195.463 195.293 0.085
64 x 32 = 2048 2034.586 209.216 208.852 0.182
64 x 64 = 4096 6463.130 236.679 235.995 0.342
64 x 128 = 8192 17945.799 308.017 306.639 0.689
64 x 256 =16384 35588.621 621.087 618.229 1.429
64 x 512 =32768 71059.414 1242.006 1236.398 2.804
64 x 1024 =65536 141566.953 2487.383 2476.417 5.483

TABLE XV. COMPARISON OF GPU TIMES (MS) OF ROW-WISE AND
COLUMN-WISE BUBBLE SORT WITH TRANSPOSING, WHERE EACH INPUT IS
THE INT DATA TYPE WITH TYPE D. NOTE THAT EACH GPU TIME OF (B) IS
THE SUM OF THAT OF COLUMN-WISE PREFIX SUM AND TWICE GPU TIME
OF TRANSPOSING.

TxB= L (A) Row-wise (B) Column-wise Transpose
64x1= 64 1311.014 128.414 128.398 0.008
64 x 2= 128 1311.015 128.888 128.856 0.016
64 x 4 = 256 1311.006 175.755 175.699 0.028
64 x 8 = 512 1310.908 188.680 188.570 0.055
64 x 16 = 1024 1313.293 195.451 195.281 0.085
64 x 32 = 2048 1378.023 205.205 204.841 0.182
64 X 64 = 4096 3824.223 233.844 233.160 0.342
64 x 128 = 8192 11243.516 308.428 307.050 0.689
64 x 256 =16384 22355.297 621.803 618.945 1.429
64 x 512 =32768 44588.641 1242.231 1236.623 2.804
64 x 1024 =65536 88917.430 2487.561 2476.595 5.483

TABLE XVI. COMPARISON OF GPU TIMES (MS) OF ROW-WISE AND
COLUMN-WISE BITONIC SORT WITH TRANSPOSING, WHERE EACH INPUT IS
THE INT DATA TYPE. NOTE THAT EACH GPU TIME OF (B) IS THE SUM OF
THAT OF COLUMN-WISE PREFIX SUM AND TWICE GPU TIME OF

TRANSPOSING.

TxB= L (A) Row-wise (B) Column-wise Transpose
64x1= 64 57.902 12.675 12.659 0.008
64 x 2= 128 55.850 14.470 14.438 0.016
64 x 4 = 256 56.085 16.447 16.391 0.028
64 x 8 = 512 56.288 16.509 16.399 0.055
64 x 16 = 1024 57.404 16.679 16.509 0.085
64 x 32 = 2048 85.609 17.465 17.101 0.182
64 x 64 = 4096 243.867 18.549 17.865 0.342
64 x 128 = 8192 555.985 25.436 24.058 0.689
64 X 256 =16384 1098.188 51.392 48.534 1.429
64 x 512 =32768 2169.079 103.530 97.922 2.804
64 x 1024 =65536 4305.168 206.827 195.861 5.483
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TABLE XVIIL

COMPARISON OF GPU TIMES (MS) AND CPU TIMES

(MS) OF EXECUTING BITONIC SORT AND CPU TIMES OF EXECUTING
QUICK SORT. NOTE THAT EACH INPUT IS THE INT DATA TYPE.

GPU CPU
TxB= L Row-wise | Column-wise bitonic sort | quick sort
64x1= 64 54.637 12.705 4.827 1.459
64 x 2= 128 55.160 14.427 7.875 3.470
64 x 4 = 256 55.364 16.378 15.840 6.535
64 x 8 = 512 55.502 16.409 31.836 9.351
64 x 16 = 1024 56.875 16.586 63.534 17.243
64 x 32 = 2048 81.883 17.416 127.422 28.945
64 x 64 = 4096 219.930 19.401 254.714 51.304
64 x 128 = 8192 532.955 29.836 508.033 99.965
64 x 256 =16384 1046.493 60.429 1015.430 193.383
64 x 512 =32768 2093.193 118.326 2034.253 386.760
64 x 1024 =65536 4173.395 236.217 4065.493 776.619






