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3.1
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Schematic diagram of hardware architecture and programming model of GPU: In
GPU architecture, GPU consists of a number of multi processors and each multi pro-
cessor consists of a number of processor cores. In each multi processor, processor
cores can work together transferring data with each other using off-chip memory or
on-chip shared memory. In GPU programming model, only processing of threads and
thread block is designed by developers and the following schedulings are optimized
bythecompiler. . . . . . . . . .. 32
Schematic diagram of reduction operation by multiple threads: In st€pXthreads

are used to compute summation of each two elements. In the following steps, the same
operations are continued decreasing the number of threads joined in the operation.
Total summation can be obtained in one position on the memorylafté¥ steps.. . 36
Speed comparison between method a) and b) as a fuction of interrogation window:
Vertical axis shows time cost per PIM24 x 1024[pixel] image paifl 50% overlap)

and horizontal axis shows linear dimension of interrogation window([pixel]. In each
interrogation window size, search region size is se0tgpixel]. . . . . .. .. . .. 37
Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation
window size in case 0f024 x 1024 size image: In in larger interrogation window
size, 10-Kernel method is faster than 4-kernel method. However as the interrogation
window size becomes smaller, the gap also becomes smaller aridxnl6 inter-
rogation widnow, time cost of 4-kernel method is reversed. Time cost of overhead
following GPU processing is so small that it can be neglected. . . . . . . . . .. 40
Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation
window size in case 0512 x 512 size image: The tendency of processing speed is
the same with the case ©624 x 1024[pixel] image size. In this case, the overhead

of GPU processing is relatively larger than the case ili@d x 1024[pixel] image size. 40



3.6

3.7

3.8

3.9

3.10

4.1

Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation
window size in case 0256 x 256 size image: The tendency of processing speed

is the same with the case 924 x 1024[pixel] image size. The overhead of GPU
processing is relatively larger than the case thehx 512[pixel] image size and in

the case of 10-kernel method, about 20% of total processing time is consumed by the
overhead. . . . . . . . .. 41
Schematic diagram of peak detection by muitiple threads: In stdp2threads are

used to compare correlation values. if the correlation at the position of the thread num-
ber is smaller than the correlation compared at the time, index value at the position
of thre thread number (not correlation value) is replaced by the index at the postion
of larger correlation. In the following steps, the same operation is executed halving
the number of threads used by the operation. The index of the peak is obtained in one
position of the index memory aftésg N steps.. . . . . . ... ... .. ... ... 43
Time cost of detecting and removing spurious vectors as a function of interrogation
window size: This result is obtained by processiig4 x 1024 [pixel] image size.

The time cost drastically increase as the interrogatin window size becomes smaller
and the number of vector becomes larger because only one thread block can be used
to detect spurious vector correctly.. . . . . . . ... 44
Schematic diagram of parallel execution of GPU prcessing and data transfer: In case
of sequential PIV processing, time cost of image data transger from CPU to GPU and
vector data transfer from GPU to CPU can be shielded by executing PIV processing
and datatransferinparallel. . . . . . . .. ... ... L 46

Visualization result of stretched vortex overlapped on the synthetic image: . . . 47

Schematic diagram of distributing cross correlation computing by multi-GPU: In this
method, cross-correlation computing is distributed to each GPU. However in case of
recursive or iterative method, GPUs must be synchronized to transfer vector data,
which causes significant slowdown of total PIV processing. So in this study, this

method is not implemented to multi-GPU.. . . . . . . . .. ... ... ... ... 53
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5.2

5.3

Time cost of image-split method in cas€d x 256, 512x 512 and1024 x 1024[pixel]
images: In case af56 x 256 and512 x 512[pixel] images, time costs of image-split
method are higher than single-GPU processing because image data transfer to each
GPU cannot be done at the same moment. In cas@df x 1024[pixel] image,
image-split method is at most 1.1 times faster than single-GPU processing but it's not
soreasonable.. . . . . .. 54
Time cost and performance improvement of parallel method of single-GPU process-
ing as a function of total image pairs in case of 2, 3 and 4 GPUs: The time cost of
single-CPU PIV processing is about 80ms. In any case, performance of multi-GPU
compared to single-GPU gradually improves and about 85% of imaginary perfor-
mance improvement can be obtained.. . . . . ... ... 57
Performance improvement of parallel method of single-GPU PIV processing as a
function of single-GPU processing time: This graph clearly shows the performance
of multi-GPU processing depends on the time cost of single-GPU processing because
the effect of data transfer between CPU and GPU and of synchronization of CPU

threads becomes higher as single-GPU processing becomes faster.. . . . . . . 58

R(= Nsw/Nmw) and Linear dimension of critical search window([pixel] as a function
of linear dimension of interrogation window[pixel]. The solid line with red squares

shows R and the dash line with green triangles shows linear dimension of critical

searchwindow. . . . . . . . ... 65
Speed comparison between direct method and FFT-based method in t82¢ of
1024[pixel] size image: In this case, overhead of GPU processing is relatively so
smallthatitcanbeneglected. . . . . . . . . . .. ... ... ... ... 67
Speed comparison between direct method and FFT-based method in 6&8exof

512[pixel] size image: The tendency is almost the same with the cad@2df x

1024[pixel] image size except the effect of overhead becomes relatively larger. . 68
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Speed comparison between direct method and FFT-base method in @agexof
256[pixel] size image: In case af;;; = 128[pixel], there is no cross-section between
direct method and FFT-based method because the number of cross-correlations is so
small that parallelization cannot be optimized. This means critical search region size
iszero(ornone)inthiscase.. . . . . . . . .. ... 69
Critical search region size as a function of interrogation window size: In this graph,
solid line is obtained from speed comparison between direct method and FFT-based
method in each image size and dashed line is obtained from the comparison of com-
putation load between these two methods. This graph shows critical search region
size obtained from actual speed comparison tends to be larger than estimated critical
searchregionsize. . . . . . . . .. 70
R = N¢sr/Nmw as a function of interrogation window size: This graph shdws
drastically decreases as interrogation window size increasesR aidained from

actual speed comparison tends to be larger than estimated critical search region size,
which corresponds to theresultof Fig. 5.5 . . . . . . . .. ... ... ... ... 70
Synthetic image of Hagen-Poiseuille flow and the definitiooDn the left graph,

color vector map is obtained from the result of PIV processing. On the right graph,
D means maximum displacement of Hagen-Poiseuille flow. In this study, various
synthetic images, which have differebtare prepared to validate the effect of hybrid
method. . . . . . . .. 73
Time cost of each PIV processing as a function of maximum displacement of Hagen-
Pouseuille flow: This graph shows hybrid method is the fastest in almost all cases.
The time cost of direct method drastically increasedascreases because larger
search region must be set to detect the peak in the distance.. . . . . . . . . .. 74
RMS error of each PIV processing as a funcition of maximum displacement of Hagen-
Pouiseuille flow: This graph shows RMS error increaseb &&comes larger but the
error of direct and hybrid method is about the half of FFT-based method. Error of
hybrid method follows the one of direct method because the latter steps of hybrid

method is processed by direct method. . . . . . . . . ... ... 74

5.10 Sample image pair of Hotta’s experiment: . . . . . . . .. ... ... ... ... 76

5.11 PIV result of Hotta’s experiment in case of recursive direct cross-correlation PIV 78
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5.12 PIV result of Hotta’s experiment in case of recursive FFT-based cross-correlation PIV 79
5.13 PIV result of Hotta’s experiment in case of recursive hybrid cross-correlation PIV:
Step O is resolved using FFT-based method and the following steps is done by direct
method. . . . . . . .. 80
5.14 Real image data overlapped by PIV result: These vectors are the same with the one

of step 2 in Fig. 5.11, Fig. 5.12and Fig. 5.13. The last interrogation window size is

32 x 32[pixel] and 1953 vectors are finallyresolved. . . . . . . . ... ... ... 81
5.15 Sample image pair of Terunuma’s experiment. . . . . . . . .. ... ... ... 82
5.16 PIV result of case a)(moderate flow) in case of direct cross-correlation PIV. . . 84

5.17 PIV result of case a)(moderate flow) in case of FFT-based cross-correlation PIV 85

5.18 PIV result of case a)(moderate flow) in case of hybrid cross-correlation PIV. . . 86
5.19 PIV result of case b)(fast flow) in case of direct cross-correlation.PIV . . . . . . 87
5.20 PIV result of case b)(fast flow) in case of FFT-based cross-correlation.PIV . . . 88

5.21 PIV result of case a)(fast flow) in case of hybrid cross-correlation PIV. . . . . . 89
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Time cost of peak detection and sub-pixel: These results are obtained (f2dnx
1024[pixel] size image and 50 % overlap of interrogation window.. . . . . . . . . 42
Speed comparison about direct cross-corrlation PIV between CPU and GPU: This
table shows about 800 times faster processing than single CPU processing is achieved

by usingsingle GPU. . . . . . . . ... 46

Parameter setting for each PIV method: In this table, interrogation window size is
shown likeX? and search window size is shown lik&] . . ... ... ... ... 75
Speed comparison between each PIV methods: This table shows hybrid method is
the fastest of these three methods and about 1300 times faster processing compared
to single-CPU processingis achieved. . . . . . . . ... ... ... ... .... 77
Speed comparison of each PIV method in case a)(moderate flow). . . . . . .. 83
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(b) GPU Programming Model

Fig 3.1: Schematic diagram of hardware architecture and programming model of GPU: In GPU
architecture, GPU consists of a number of multi processors and each multi processor consists of a
number of processor cores. In each multi processor, processor cores can work together transferring
data with each other using off-chip memory or on-chip shared memory. In GPU programming model,
only processing of threads and thread block is designed by developers and the following schedulings
are optimized by the compiler.
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Fig 3.2: Schematic diagram of reduction operation by multiple threads: In stapDthreads are

used to compute summation of each two elements. In the following steps, the same operations are
continued decreasing the number of threads joined in the operation. Total summation can be obtained
in one position on the memory afterg N steps.
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Fig 3.3: Speed comparison between method a) and b) as a fuction of interrogation window: Vertical
axis shows time cost per PIU{24 x 1024[pixel] image paif] 50% overlap) and horizontal axis shows
linear dimension of interrogation window[pixel]. In each interrogation window size, search region
size is set t@0?[pixel].
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Fig 3.4: Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation window
size in case 01024 x 1024 size image: In in larger interrogation window size, 10-Kernel method is
faster than 4-kernel method. However as the interrogation window size becomes smaller, the gap also
becomes smaller and ir6 x 16 interrogation widnow, time cost of 4-kernel method is reversed. Time
cost of overhead following GPU processing is so small that it can be neglected.
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Fig 3.5: Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation window
size in case 0512 x 512 size image: The tendency of processing speed is the same with the case of

1024 x 1024[pixel] image size. In this case, the overhead of GPU processing is relatively larger than
the case thah024 x 1024[pixel] image size.
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Fig 3.6: Time cost of 10-kernels method and 4-kernel method as a fuction of interrogation window
size in case o256 x 256 size image: The tendency of processing speed is the same with the case
of 1024 x 1024[pixel] image size. The overhead of GPU processing is relatively larger than the case
than512 x 512[pixel] image size and in the case of 10-kernel method, about 20% of total processing
time is consumed by the overhead.
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Table 3.1: Time cost of peak detection and sub-pixel: These results are obtainedO2zadnx
1024[pixel] size image and 50 % overlap of interrogation window.
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Fig 3.7: Schematic diagram of peak detection by muitiple threads: In st8f2hreads are used to
compare correlation values. if the correlation at the position of the thread number is smaller than the
correlation compared at the time, index value at the position of thre thread number (not correlation
value) is replaced by the index at the postion of larger correlation. In the following steps, the same
operation is executed halving the number of threads used by the operation. The index of the peak is
obtained in one position of the index memory aftey N steps.
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Fig 3.8: Time cost of detecting and removing spurious vectors as a function of interrogation window
size: This result is obtained by processiri@4 x 1024 [pixel] image size. The time cost drastically
increase as the interrogatin window size becomes smaller and the number of vector becomes larger
because only one thread block can be used to detect spurious vector correctly.
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Fig 3.9: Schematic diagram of parallel execution of GPU prcessing and data transfer: In case of
sequential PIV processing, time cost of image data transger from CPU to GPU and vector data transfer
from GPU to CPU can be shielded by executing PIV processing and data transfer in parallel.
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Table 3.2: Speed comparison about direct cross-corrlation PIV between CPU and GPU: This table
shows about 800 times faster processing than single CPU processing is achieved by using single
GPU.
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Fig 3.10: Visualization result of stretched vortex overlapped on the synthetic image:
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Fig 4.1: Schematic diagram of distributing cross correlation computing by multi-GPU: In this method,
cross-correlation computing is distributed to each GPU. However in case of recursive or iterative
method, GPUs must be synchronized to transfer vector data, which causes significant slowdown of
total PIV processing. So in this study, this method is not implemented to multi-GPU.

Fig. 410 000000GPUOODOOOOOOODOOOODOODOODOODOODOODOO
goooboooooGpPUObOOODOODODODODODOODODODODOGPUDODODOO
goobobooooboboooooboboboboo GPUODDODODODOODODODOO
goboGPUOODOOODOODOLOOODOOODOODOODOPIVOODOODOODOO
GPUODOODOOOODOODOODO

gboboooboboopPvVOboobobooboboboooboboobobooboo
0O Fig. 410000 cPUOOUODOOOOODODOOODOOOOODDODOOODOOODODOODO
goobooobooooooccGPUObbODODbOODGPUODODOODODODCPUDODODOODOO
goboOo0oooobooboGPUOODOODOODOOODOODOOODODOODOODOO
OPVvVOOODOODOODOGPUOODOOODOODOODOUODOODDOUODOODOO
goobooon

gbooobbooobuooobooGPUObOOODbDOOODbDDOUODDOODOOOD
oooobobooboobobobobobobooooboboobo PivODOOGPUODOOODOO
gooocPubOODOODOODODODLDODOOLOOOOOOODOOOODOODODOD GPUD
oooooooooooopPvVOOOOOooOOooOooooboGPUOODODOOODOOOODOOO
oobooboobocpPulbObOObOObOObOOGPUODODODODODOOOODOODODOO



54 040 OO0OOcGPUDOOOOOODPIVOOOO

gbobbogobbboooobbooobbobuooobbooobobuooobbooobo
gooboobobooooooooboobOobOobOoboDobooGPUObODODOOOOO
gbobbogobbooobobbuooobbboobobbooobbooobobbooobon
goboboboboooobbbuoogbobobboooobbobbbooobooboboooobn
gobooobooOoooboooboooeGPUOOOUODOUODODOOODOOODOUODOODOO
oobooooboooboooooobooooooobooooooOobooobDOoob GPU
gobbooobbooobbbooobbbooobobobooobobobuooobbooobo
gbgobgoobobobobo

000000000 cubAO D OO00OoOooOOoOoO00OoDoOoOoOO0O Fig. 4.20 000 Fig.
4.20 256 x 25600 512 x 5120 1024 x 1024[pixell OO O O0O0OOCOOO0OOOOCOOO GPUD 2
GPUO OO 4GPUCOOOOOODOOUODOOODOODOODOODOOOOOOPVOOO
ooboooboboooboooboobooooobooobooboboobbooo eGP OODOO
oooboboooooooboboboboocpPUubObOOOODODODOOODODODOO
god

[ms]

500

400

Time cost
w
o
(@]

N
o
o

100

Single 2GPUs 4GPUs Single 2GPUs 4GPUs Single 2GPUs 4GPUs
256 X 256wl 512X 57 2wien 1024 X 1024 wixen

Fig 4.2: Time cost of image-split method in case266 x 256, 512 x 512 and 1024 x 1024[pixel]

images: In case at56 x 256 and512 x 512[pixel] images, time costs of image-split method are
higher than single-GPU processing because image data transfer to each GPU cannot be done at the
same moment. In case 0024 x 1024[pixel] image, image-split method is at most 1.1 times faster

than single-GPU processing but it's not so reasonable.
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Fig 4.3: Time cost and performance improvement of parallel method of single-GPU processing as a
function of total image pairs in case of 2, 3 and 4 GPUs: The time cost of single-CPU PIV processing
is about 80ms. In any case, performance of multi-GPU compared to single-GPU gradually improves
and about 85% of imaginary performance improvement can be obtained.
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Fig 5.1: R(= Nsw/Nw) and Linear dimension of critical search window|[pixel] as a function of
linear dimension of interrogation window[pixel]. The solid line with red squares shows R and the
dash line with green triangles shows linear dimension of critical search window.
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Fig 5.2: Speed comparison between direct method and FFT-based method in cHs® of

1024[pixel] size image: In this case, overhead of GPU processing is relatively so small that it can
be neglected.
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size image: The tendency is almost the same with the caB@adfx 1024[pixel] image size except
the effect of overhead becomes relatively larger.
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Fig 5.4: Speed comparison between direct method and FFT-base method in 2a6e af6[pixel]

size image: In case d¥;y, = 128[pixel], there is no cross-section between direct method and FFT-
based method because the number of cross-correlations is so small that parallelization cannot be
optimized. This means critical search region size is zero(or none) in this case.
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Fig 5.7: Synthetic image of Hagen-Poiseuille flow and the definitioofOn the left graph, color
vector map is obtained from the result of PIV processing. On the right giapheans maximum
displacement of Hagen-Poiseuille flow. In this study, various synthetic images, which have different
D are prepared to validate the effect of hybrid method.
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Fig 5.8: Time cost of each PIV processing as a function of maximum displacement of Hagen-
Pouseuille flow: This graph shows hybrid method is the fastest in almost all cases. The time cost
of direct method drastically increases Bsincreases because larger search region must be set to
detect the peak in the distance.
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Fig 5.9: RMS error of each PIV processing as a funcition of maximum displacement of Hagen-
Pouiseuille flow: This graph shows RMS error increase® dsecomes larger but the error of direct
and hybrid method is about the half of FFT-based method. Error of hybrid method follows the one of
direct method because the latter steps of hybrid method is processed by direct method.
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Table 5.1: Parameter setting for each PIV method: In this table, interrogation window size is shown
like X2 and search window size is shown lik&1]
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Fig 5.10: Sample image pair of Hotta’s experiment:
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Table 5.2: Speed comparison between each PIV methods: This table shows hybrid method is the
fastest of these three methods and about 1300 times faster processing compared to single-CPU pro-
cessing is achieved.

Time cost[ms] CPU/GPUJtimes]
Direct(GPU) 19.8 784.3
FFT-based(GPU) 14.2 1093.7
Hybrid(GPU) 12.2 1273
Direct(CPU) 15530 /
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Fig 5.11: PIV result of Hotta’s experiment in case of recursive direct cross-correlation PIV
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Fig 5.12: PIV result of Hotta’s experiment in case of recursive FFT-based cross-correlation PIV
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Fig 5.13: PIV result of Hotta’s experiment in case of recursive hybrid cross-correlation PI1V: Step 0 is
resolved using FFT-based method and the following steps is done by direct method.
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Fig 5.14: Real image data overlapped by PIV result: These vectors are the same with the one of step
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Table 5.3: Speed comparison of each PIV method in case a)(moderate flow)

Interrogation widnow 128 x 128 - 128 x 128 -
. . 128 x 128
size[pixel] 64 x 64 32 x 32
Direct[ms] 51.3 56.8 61.2
FFT-based[ms] 11.9 20.9 30.4
Hybrid[ms] 11.9 16.4 21.5
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Table 5.4: Speed comparison of each PIV method in case of b)(fast flow): in case of FFT-based and
hybrid method, results are almost the same with Table. 5.3. In diredt method, time cost becomes
bigger because the displacement is so large that search region also must be set large.

Interrogation widnow 128 x 128 - 128 x 128 -
. . 128 x 128
size[pixel] 64 x 64 32 x 32
Direct[ms] 188.0 1934 198.0
FFT-based[ms] 12.2 21.8 31.0
Hybrid[ms] 12.2 17.5 22.7
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Table 6.1: Computational environment used in this study

oooa-l oooo-n
CPU Intel Core i7 920(2.66GHz)| Core i7 920(2.66GHz)
GPU Geforce GTX480 Geforce GTX 285« 4
bus PCI express x16 PCIl express 2.0 x1&4

OoooboobcGPUODOODOOOOODOODO
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Table 6.2: Spec of GPU used in this study

GTX 480 GTX 285
Stream processor | 480 240
CUDA Core 15 30
Core clock 1.4GHz 1.73GHz
Memory
177.4GB/s 159.0GB/s
bandwidth[GB/s]

Peak performance

1345.0GFLOPS

708.5GFLOPS

multiprocessor

video memory 1.5GB 1.0GB
Shared memory /| o\ 101 6mB 16MB
multiprocessor
L1 cache for global
memory / 16MB/48MB None
multiprocessor
Texture cache for
global memory / 4MBO 6MB 4MBLO 8MB
multiprocessor
R(_eglsters / SMB
multiprocessor
Shared memory banks 32 16
Warp size 32 32
Maximum number of 512 1024
threads per block
Maximum number of
resident threads per | 1024 1536

g
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