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We propose hybrid parallel computation for the radiative transport equation (RTE). RTE

is an integro-differential equation and its discretization scheme contains several manners

of operations and memory access. Graphics processing unit (GPU) is applied to compute

the scattering integral in RTE, and data transfer time is hidden by using the software

pipelining technique. We also show some numerical examples and discuss its efficiency in

consideration of memory access.
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Fig. 1: Benchmark Program for Matrix Mul-

tiplication.
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Table 1: Computation Times of DGEMM C' =
AB. Sizes of A and B are 1952 x 1952 and
1952 x 15000 Respectively.

Time [msec] FMA [ops/sec]

IMKL 2113 27.1 x 107
CUBLAS, t3 — to 162 -
cuBLAS, t; — t; 94 607 x 10°

Table 2: Hardware Specifications in Numeri-

cal Experiments.

CPU Core 17-4770 (3.4GHz, 4 Cores)

Main Memory 32GB DDR3 (PC3-12800)

NIC Intel GbE 1217-V (OnBoard)

Operating System | Linux CenOS 6.5

C/C++ gee-4.4.7-4.e16.x86 64

MPI mpich2-1.2.1-2.3.el6.x86 .64

Intel MKL 11.1.0.080

GPU NVIDIA GTX TITAN
(GK110, 2688 Cores, 837TMHz)

GPU Memory 6GB GDDR5

CUDA 5.5.22

HUB DELL PowerConnect2724

goo0ooooooobooooooobooooooooooo
oooooo

RTE O Gauss-Seidel 0 00 0 Aa, XA, Ka O0OO00O0O0O0
oooo000 Ly, O0DO0O0OO0OOO0C0COD0OO0O0 Ka OO
oo GpUDOOOOOODOOOOO Ly, OO0 vOOOO
Jodooooboobooboobooboooooboonoo
AA0000000O0D000OO0O0DOODOOOOOOODOOO
0000 GpPUOOOOO0OOOOOOOOO Aa0000
oo0oooooo ceUOODODOOOOOOOO

00000000 3DRTEODODOODMPIDODOOD
Jgooooobooooboooobooobooobooooo
OORTEOODODO Gauss-Seidel DO OO0 10000003
050000 (OooO0)oboooooo

(S1) boOoOoo GeULOOOOUUOOO

(S2) GPU OO KaODOOOD

(S3) GpULUOOOOOOOOOOO
(S4) CPU LD Aa, XA 00000000OCDOOO
(S5) MPIODOOODOODOOOOOODO

000000000 Gauss-Seidel 0000000000
000000 {I,;,}00000000000000000
0000D000000D000000 NODOOODOODO
0O0D0O0(S1)~(S5) 0000000000000 D00000
0000D0D000000000:000Fig.20000

: Memory—GPU

: KA (GPU)

: GPU—Memory

: Aa, XA, Update (CPU)
: Data Exchange (MPI)

: Memory—GPU

: Ka

I—'l—'l—'l—lil—'l—'l—'
PR OlO|Oo|olo

i=N-1: GPU—Memory

i=N-1: Aa, XA, Update
J | i=N-1: Data Exchange

time| (Compute Residual)

Fig. 2: Serial Executions of Heterogeneous

Computing of the Gauss-Seidel Iteration.
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Fig. 3: Pipelining of Execusions.
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Table 3: Comparison of Computation Times
of 3D RTE on Q2 = (0, 150) x (0, 150) x (0, 200)
with ps = 1.09, p, = 0.08. The Number of

Iterations of the Gauss-Seidel Method is 320.

Computing Devices Time [Hours] (Speed-up)
CPU (MPI) 5.76 (1)
CPU+GPU (MPI) 2.27 (2.53)
CPU+GPU (Hybrid) 1.08 (5.33)
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Table 4: Comparison of Computation Times
of 3D RTE on 2 = (0,181)x(0,217) x (0, 181)
with Biomedical Data. The Number of Itera-

tions of the Gauss-Seidel Method is 3000.

Computing Devices Time [Hours] (Speed-up)
CPU (MPI) 80.4 (1)
CPU+GPU (MPI) 28.3 (2.84)
CPU+GPU (Hybrid) 13.8 (5.83)
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Table 5: Computational Time Details of Flat
MPI Parallelization of the Procedure in Fig. 2

for Q = (0,150) x (0, 150) x (0,200).

Operation Time [sec]
Memory—GPU 236 (9.4%)
DGEMM on GPU 6.61 (26.3%)
GPU—Memory 2.74  (10.9%)
CPU 491 (20.0%)
MPI data exchange | 8.18 (32.6%)
Total 25.13

Table 6: Computational Time Details of Hy-
brid Parallelization of the Procedure in Fig. 3
for Q = (0,150) x (0,150) x (0,200).

Stage Time [sec]
Prologue 0.33
(S1) Memory—PL Memory 6.69
PL Memory—GPU 1.95
(S2) DGEMM on GPU 6.61
(S3) GPU—PL Memory 2.87
PL Memory —Memory 6.14
(S4) CPU 10.60
(S5) MPI data exchange 9.25
Epilogue 0.77
Total 11.86
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(a) Flat MPI Execution Case (Fig. 2).
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(b) Software Pipelining Execution Case (Fig. 3).

Fig. 4: Computational Time Details, ) =

(0,150) x (0,150) x (0, 200).
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Table 7: Effective Memory Bandwidth Mea-
sured by STREAM Benchmark, Where 1 GiB
is 10003 Bytes.

Memory Bandwidth [GiB/sec]
Tests | single thread 4 threads
Copy 13.9 14.7
Scale 14.1 14.7
Add 14.7 16.5
Triad 14.8 16.6
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(b) Software Pipelining Execution Case (Fig. 3).
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(0,181) x (0,217) x (0, 181).
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