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Operating System | OS1I/VS, OSIV/F4, VM/ESA, VM/CMS, MVS/ESA, IRIX, AIX, PC-DOS, Windows 3.1, ==+

Programming Language

Compiler ‘ ALGOL(OKIPAL), FORTRAN IV/77/90, COBOL, PL/ T, C, Pascal, BASIC, --

Interpreter ‘ PC-BASIC, Perl, Python, Ruby, PHP, Prolog, Shell Script, REXX, = -

Compiler/Interpreter ‘ Java, LISP, =--

4th Generation Language ‘ SAS, MATLAB, TeX/LaTeX, =--
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A Study of CUDA Parallel Computation and Visualization on-board GPU for

the Three-dimensional Free Surface Flow Simulator CADMAS-SURF/3D for

Designing Seawall Coastal and Maritime Structures

Hiroshi Okumura, Information Technology Center

We present a new faster GPU/MPI computation and algorithm for CADMAS-
SURF/3D by a CUDA parallelization technique on a GPU accelerator “Tesla”. In this
paper, we examine the CUDA porting tool for GPU computation and suggest a macro
code by C preprocessor for CADMAS-SURF/3D originally coded in FORTRAN to be
adapted into CUDA C language. Furthermore, we optimize the data access sequence

pattern from a profiling result to eliminate the calculation bottleneck. We inspect the

legitimacy of the solution by examining the rounding error, and then examine the

program tuning a data sequence access pattern optimization.

Key Words: CADMAS-SURF/3D, GPU, CUDA parallelization, array data access optimization

1. INTRODUCTION

For designing of seawall coastal and maritime
structures, a computational two or three
dimensional free surface flow simulation, in
which CADMAS- SURF/3D

standard

is a defacto-
representative in the coastal
engineering of Japan, could be used in actual
occasionally as an effective to a conventional
hydraulic model experiment and its based
design formulas. Recently the CADMAS-
SURF/3D is a kind of open source code from
the cite of the Coastal Development Institute of
Technology (CDIT) and becomes a powerful
tool for the actual cases in Japan widely used
by scientist and engineers in the field of coastal
engineering to design seawall coastal and
maritime structures. The CADMAS-SURF/3D
enables us to compute both of velocity and
pressure in three dimensions by a SMAC
(Simplified Marker and Cell) based fractional
step method which is one of a finite element

method to solve Navier-Stokes equations. The

most part of a computational cost in
CADMAS-SURF/3D appears to solve pressure
of Poisson equation, whose matrix is sparse
and asymmetric, by ILU-BiCG method as
algorithm. In the assembler
CADMAS-SURF/3D, it’s
routines are almost calculations of double

level of

processing and

floating point numbersl), 2). Therefore, there
would be left a problem in a sense of
computational cost and cpu time within
CADMAS-SURF/3D although the accuracy of
computation by CADMAS-SURF/3D achieves a
level requested to design accuracy seawall
coastal/maritime structures. More speeding up
of CADMAS-SURF/3D
machine

itself on a single

computer would be eagerly
anticipated because a high specified parallel
computer is usually expensive for ordinary
institutions and scientists, although the
conventional CADMAS-SURF/3D has tried
with  the of distributed

memory parallel computation (MPI) to resolve

implementation
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this computational problem in CADMAS-
SURF/3D.

In this paper, we therefore inspect its
applicability and the effectiveness of a new
faster computation of CADMAS-SURF/3D by
CUDA Unified

Architecture)3), 4) parallelization technique on

(Compute Device
a GPU (Graphics Processing Unit) accelerator
which would be focused widely for a next
generation of computations. In CUDA which is
the platform or the integrated development
environment proposed by NVIDA Corporation
recently, we focus massive data parallel
calculations of GPU in which a plenty of simple
A GPU

computation could expect faster calculations

processing units i1s on-board.
and these proceedings than those of CPU
computation which consist of a little of
processing units and a complicated system. The
code name ‘Kepler’ for the CUDA integrated
development environment has been introduced
by NVIDA cooperation in 2012. At this time,
the Kepler is in widespread use, whose core
number in GPU achieves a thousand and more.
It is safe to say that GPU devices are going to
trend towards increased number of core in
GPU in the future. In this paper, we examine
the CUDA porting tool for GPU computation
and suggest a macro code by C preprocessor for
CADMAS-SURF/3D  originally coded in
FORTRAN to be adopted into CUDA C
language in this research. Consequently the
source code ported and parallelized by the
CUDA obtains an ideal linear speeding up with
replacing a newer GPU device without any
additional porting.

In this paper, in order to speed up the original
CADMAS-SURF/3D program (which currently
runs on x86 system) on-board the GPU
accelerator Tesla’, we would like to summarize
a porting the original codes on the GPU and
examining an effectiveness. Furthermore we
optimize the data access sequence pattern from

a profiling result to eliminate the calculation
bottleneck. Finally we would like to conclude
the performance measurement resulting from

the CUDA parallelization.

2. EXTRACT FOR CUDA PARALLELIZATION

In order to run a program of CADMAS-
SUREF/3D on-board of the GPU accelerator, it is
necessary that the CUDA porting as a GPU
code is required from originally CADMAS-
SURF/3D code in FORTRAN. However, it is
not necessary to port all of the original codes to
the CUDA parallelization, but remarkably it is
necessary to port a part of the original program
which must run on the GPU accelerator. In
other words, we extract a part of calculation
bottleneck in the original CADMAS-SURF/3D
program and examine the CUDA paralle-
lization in the part extracted by profiling. The
“oprofile” is an effective and universal tool to
profile widely among the whole system and
individual applications in the system. As the
feature of the “oprofile”, several reasons have
been advanced for that the existence of both a
driver and a profiling daemon only on the
The “oprofile” is
executable

Linux kernel is required.
able to profile the
subroutines in the original program on the

ratio of

actual platform without any special changes for
the application.

CPU: Intel Core/i7, speed 2660.08 MHz (estimated)
Counted CPU CLK UNHALTED events (Clock cycles
when. . - -

samples cum.samples$ cum.$% symbol name

65716 65716 21.2598 21.2598 v mzax_
65716 65716 100.000 100.000 v _mzax_
[self]
53472 119188 17.2988 38.5586
v mzbkwd_
53472 53472 100.000 100.000
vf_mzbkwd_ [self]
48050 167238 15.5447 54.1032 v mzfrwd_
48050 48050 100.000 100.000

v mzfrwd_ [self]

Figure 1. Example output by “oprofile” in the
original CADMAS-SURF/3D (opreport——a—c)



As the profiling result shows in figure 1, it is
found that 70~80% of the all execution time in
the solver for solving the simultaneous linear
equations by the ILU-BiCG method under the
subroutine “mlbegs”. And it is also found that
the subroutine “fdropf’, which computes free-
falling water-drops, accounts for only 5~10%
(but it is not ignorable) in the whole CADMAS-
SURF/3D program. However, this subroutine
“fdropf” rolls a plenty set of the branch
conditions for objects in a computational field
and its appropriate feature, thus the part of
“fdropf’” denotes the SIMD (Single Instruction
Multi Data) format which is unsuitable for
GPU calculations. Now, therefore, we should
CUDA porting
subroutine group of the solver for solving the

examine the in the only
simultaneous linear equation which account for
the majority (70~80%) of CPU time in the
original CADMAS-SURF/3D program. We'd
like to summarize the specific subroutines of
the solver shown in table 1.

Table 1. A group of the subroutines for the CUDA
parallelization extracted by profiling

Subroutines Load Accumulated Contents
% %

v mzax_ 21.26 21.26 Matrix-vector
product

vf mzbkwd_  17.30 38.56 Backward
substitution

vf mzfrwd_  15.54 54.10 Forward
substitution

vi_mzip_ 11.62 65.72 Vector inner
product

vi_mlbegs. 11.35 77.07 The whole
Solvers

Also note that actual CUDA parallelized
subroutines include the minor executions and
coded of the

convergence loops since the all of inside the

substitutions in functions

convergence loop should be executed on GPU

3. CUDA PORTING FOR FORTRAN CODE

We should port the original CADMAS
-SURF/3d program to the CUDA paralle-
lization on-board native GPU accelerator. We
could have a few selections for the CUDA
porting.

(1) Selection of programming language

In this research, representative three methods
would be focused as follows.

a) CUDA C/C++ language

First, the CUDA C/C++ language is free
licensed software distributed by NVIDA
Cooperation, which includes the CUDA Toolkit.
It is noted that the CUDA C/C++ consists of
the C/C++ compiler/tools/sample-codes, and is
most rich in the

library and support

circumstance.
b) CUDA FORTRAN language

Secondly, the CUDA FORTRAN is commercial
software of PGI Cooperation which has been
jointly-developed by NVIDIA Cooperation and
PGI Cooperation. Thus it is necessary to buy it
for use by the CUDA porting. This is a kind of
extended FORTRAN languages, and helpful
and advantaged for the CUDA porting since
one enables to port the original FORTRAN
codes to a CUDA parallelization directly.
However, since the library in the CUDA
FORTRAN s coded by C++,
consequently one has to be programming the
original FORTRAN codes partially with C++.

basically

¢) Directives for GPU accelerators

In addition, a directive based compiler could be
used, which supports the OpenACC standard
and application. OpenACC is a non-profit
corporation founded by the group of companies
that developed the OpenACC Application
Program Interface specification. OpenACC was
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formed to help create and foster a cross
platform API that would allow any scientist or
their

many-core and

programmer to easily accelerate

application on modern
multi-core processors using directives. This
compiler enables us to be coding the original
source codes with using the so-called “directive”
demonstrative putting into original source
codes. Thus this compiler for CUDA porting is
one of porting tools with less work relatively.
CUDA

parallelization usually depends on how code

However the speeding up by the

generator is clever by this complier. Therefore
it 1s required to be smart putting the directives
into the original source codes with much work.
Because of the above situation, we examine the
CUDA porting with a’s CUDA C/C++ which is
universal and famous in this research.

(2) C Preprocessor Adopted for FORTAN Codes

We suggest a macro code by C preprocessor for
CADMAS-SURF/3D  originally coded in
FORTRAN to be adopted into the CUDA C
language. First, we should try to use a macro
code by C preprocessor in order to port the
FORTRAN codes to the CUDA C language
with less work. Specifically, it is required by
just renaming the suffix “f” or “.f90” at the
name of the original program to the suffix “.F”.
Hereby, the compiler automatically generates
additional codes requested by the directives
#include, #define and so on. And then the
compiling would be done actually. For instance,
the array indexes in FORTRAN and C are
reverse sequence. Specifically, the memory of
array would be located due to sorting with the
priority of the most left-side index in
FORTRAN. On the other hands, the priority is
the most right-side index in C. Furthermore,
the base index is 1 in Fortran and is 0 in C.
Therefore, one of possibilities could appear
bugs and cash missing the memory access
sequence when one would port the original

FORTRAN codes to the C language.

It would be remarkable that the problem of
bugs and cash missing the memory access
sequence could be resolved easily by using the
following macro code in figure 2.

#define IDX21 (A, B, DIMA) (((B) — 1) * DIMA + ((A) - 1))

Figure 2. Macro Code for the Array Problem in
FORTRAN and C Languages

Let a filename including this macro definition
be “arrays.h” in this paper. Putting the file
“arrays.h” in to head of the original source
codes, it is possible that an array X(1, 2) would
automatically access to arrayx[10].

#include “arrays.h”

for (M=1; M<=10; M++)
for (N=1; N<=10; N++)
S =S + X(N,M);

Figure 3. Example for array access sequences

(3) Optimization of the data access sequence
pattern

From the profiling result, it is found that the

forward substitution and backward
substitutions of matrices could account for the
major percentages in the CPU time of the
original CADMAS-SURF/3D, and is found that
the substitutions of matrices is a calculation
bottleneck obviously. For this reason, we
should optimize the data access sequence
pattern to eliminate the calculation bottleneck
in this research. It is noted that the forward
substitution computes a value at such cell in
reference to the previous neighbor cell for each

X, y, z axe shown in figure 4.

X(I,J,K)=Y(I,J,K)

-ALI(I,J,K)*DD(I-1,J ,K )*X(I-1,J ,K )

-ALJ(I,J,K)*DD(I ,J-1,K )*X(I ,J-1,K )
(I

(
-ALK (I, J,K)*DD ,J ,K-1)*X(I ,J ,K-1)

Figure-4 Expression of Forward Substitution
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Figure 5. Schematically lllustration of Data

Access Sequence

This access sequence could be schematically
illustrated shown in Figure 5. However, note
that the z axe denotes vertical depth of water
and the x axe denotes a direction of the main
stream in usual experimental water tank.
Since such cell is severely dependent on cells
neighboring the all of three (x, y, z) directions,
the cell which could do a parallel calculation
simultaneously would satisfy the following cell

i+j+k=N )

where the cell expressed in equation (1) is
equivalent to a cell on the equation of such
plane. It would be previous that a calculation
bottleneck could appear since there is almost

nothing to access the sequences simultaneously.

In general, a few thousand or several tens of
thousands of the threads run simultaneously
on the GPU calculation. Thus the mishitting to
cash is fatal in a sense of computations because
the GPU calculation

performance

saves a high-speed
by running the threads
simultaneously.

Wherein we focus on the x axe direction and
reshape a new data access sequence with the

new index L as follows.
L=G+j+k-2) 2

Equation (2) could be schematically illustrated

shown in figure 6. Note that this illustration is
also a same expression as figure 5 with x, y, z
axes. It is helpful to think it like an edge face of
the end of the three dimensional array data.

Original

Reshaped

Figure 6. Schematically lllustration of Re- shaped
Array Data Access Sequences

Herewith, the equation (2) transforms the new
expression in figure 7 and it enables such cell,
in which the CUDA parallelization with the
simultaneousness may realize, to impose all of
cells onto the y-z plane. Where, an ‘R’ adds to
the head of names for each reshaped arrays.

RX (L, J,K)=RY (L, J,K)

-RALI(L,J,K)*RDD(L-1,J, K)*RX(L-1,J, K)
-RALJ (L, J,K) *RDD (L-1, J-1,K) *RX (L-1, J-1,K)
-RALK (L, J,K) *RDD (L-1,J,K-1) *RX (L-1,J,K-1)

Figure 7. New Faster Forward Substitutions after
Reshaping Arrays for Optimization of the Data
Access Sequences

In the case of the equation shown in figure 7, it
is remarkable that the calculation at the cell
with the index (L, *, *) could be dependent on
the only cells at (L, *, *) and (L-1, *, *).
Furthermore the index should be renumbered
and sorted in order of (k, j, i) for getting the
faster way as well as array date access
sequences in the C language. Therefore it
would be supposed that almost cells on the
plane (L, *, *) and the plane (L-1, *, *). It could
be mentioned remarkably that this procedure
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of the
achievements and the originality in this

we present 1is one successful

research.
(4) Inspection of Legitimacy for CUDA
Solutions
It is extremely unusual that numerical
solutions are in complete agreement on general
parallel computations beyond the CUDA

parallelization on-board GPU accelerators due
to the rounding error caused by deferent
calculation flows in usual parallel computation.
Furthermore, it may be hard to inspect the
legitimacy of the solution in usual parallel
computations. Actually it is also often hard to
inspect the legitimacy of the expression after
the porting with comparing solutions
themselves. Therefore, in this research, we
inspect the legitimacy of the solution by
examining the rounding error and comparing
the whole solutions per all subroutines of both
CUDA

inter-process

the original program and the

parallelized  program  with
communication. The figure 8-A and figure 8-B
show examples of output in comparison as

follows.

dumputil.cpp : dump_rr_ @ 044589.061408 dt=0.010072
dumputil.cpp : DumpArray3D @ 044589.061420 dt=0.000012

RR 9

AAAAAAANAANAAAANANANANA RR AAAAAAAAAAAAAANANANA

dumputil.cpp : dump_yy_ @ 044590.541075 dt= 1.479655
dumputil.cpp : DumpArray3D @ 044590.541089 dt= 0.000014

YY 10

AAAAAAAAAAAAAAANAAAN YY AAAAAAAAAAAAANAAANAAN

Figure 8-A. Output of the Original Program

We examine and inspect the rounding error
within eight floating numbers shown in the
figures 8-A and —B. The original program is
plugged in a function which displays such
variable name for comparative data and output
on the message queue. And then the CUDA
program would load variables stacked in the

message queue and would compare the own
within  the

Consequently the only part mismatched shows

solutions whole  numbers.
on the display if the rounding error be not
within the floating numbers specified by users.
For example, the comparison of the variables
RR and YY would display in figure 8-B. It is
noticed that nothing displays the variable RR
since the all of the variable RR are closely

matched within nine numbers and more.

dumputil.cpp : dump_m_ @ 044589.101038 dt= 0.045046
dumputil.cpp : DumpArray3D @ 044589.101051 dt= 0.000013

RR 9
RR

cu_vf mzax.cu 87

compute @ 044590.508923  dt= 1.407872

done @ 044590.508979  dt= 0.000056

cudautil.cu : getlinear host(2.10ac0000) 24 MB dev(f.10dc0000) @ 044590.515093 dt= 0.006114
dump shapeback @ 044590.515097 dt= 0.000004

dumputil.cpp : dump_yy_ @ 044590.559304 dt= 0.044207

dumputil.cpp : DumpArray3D @ 044590.559318 dt= 0.000014

124 10
YY 1 1 26 2775557561562891E-17  0.000000000000000E+00 O
YY 14 15 62 -3.773899646. E-07 -3.773899639389344E-07 8
YY 14 84 62 -2477921721630305E-07 -2.477921715871023E-07 8
YY 36 98 65 20101262210872826-11 2.010126216682711E-118

AAAAAAAAANAAAAAAAAAN YY AAAAAAAAAAANANANAAAAN

Figure 8-B. Output of the CUDA Parallelized
Program

It can be seen that four floating numbers at the
variable YY displays in where the each lines
denote the variable names, the indexes, the
values, the reference variables and the agreed
floating numbers. Although the three lines
show due to the disagreement of floating
numbers, we could confirm the rounding error
among the CPU and GPU -calculations in
consequence of the inspection of the rounding
error with the difference of the single and
In other
remarkably shows that the solutions, which

parallel calculations. words, it
calculated by both of the original program and
the CUDA parallelized program, are closely
agreement within the range of the rounding
error. Now therefore it is noticed that we



inspect the legitimacy of the solution by
examining the rounding error

(5)  Technique for CUDA

Parallelized Program

Tuning the

In CUDA programs, we could have a simple
way to profile visually by using the tool “nvvp”
(NVIDA Visual Profile) including the CUDA
Toolkit. It requires not any special compile
options and requires just running the execution
of such program with staring up “nvvp” shown
in figure 9.

Figure 9. Visual profiling tool “nvvp” displayed on
the Linux

Table 2. The specification of the GPU computer
and its system

motion on it. These things enables us to
observe the execution time and the state in
synchronization, furthermore enables us to
obtain tips for the GPU operating rates by

examining more test runs.
(6) Performance measurement

Table 2 shows the specifications of the GPU
computer and its system for the measurement
of the computational time. The simulation data
for the calculations and inspection are shown
in table 3. The data would be employed with
the experimental results by the Port and
Airport Research Center (PARI). The sizes for
each data (mesh divisions) are five cases shown
in table 3.

Table 3. Simulation Data (Hexahedral Mesh
Divisions)

Meshes Mesh divisions for (x, y,
z)

500 x 50 x 50

500 x 100 x 50

500 x 100 x 100

500 x 100 x 150

500 x 200 x 100

Sllelle]le=li=

Next, table 4 the result of the
measurement for the computational time.

shows

Table 4-A. Computational Time of the original and
the CUDA parallelized programs

Items Contents

CPU Intel Xeon X5550 2.66GHz x2

Memory DDR3 1066MHz 48GB

GPU NVIDIA Tesla K20c GDDR5
5GB
2496 CUDA Core

0S CentOS 5.8 64bit

Compiler Gee 4.1.2 -03

CUDA Toolkit 5.0 nveec —O3

In the left hand side of figure 9, the names of
operations and subroutines are displayed. In
the center, such executions are displayed and
these detail information are displayed on the
right hand side with manipulating the cursor

RunProgram 1 step 10 step 1 step
+ data (s) () averaged
(s)
Original A 75 79.3 8.0
Original B 215 185.9 18.3
Original C 58.0 619.4 46.8
Original D 754 823.4 83.1
Original E  183.7 1260.7 119.7
CUDA A 5.9 46.7 4.5
CUDA B 9.3 74.8 7.3
CUDA C 16.6 141.7 13.9
CUDA D 26.9 212.9 20.7
CUDA E 34.5 303.5 29.9
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Table 4-B. GPU Performance Measurement

RunProgram Reshape GPU
+ Data Overhead Memory
(s/loop) (MB)
CUDA A 0.157 292
CUDA B 0.382 514
CUDA C 1.106 1016
CUDA D 1.515 1581
CUDA E 2.428 2214
Table 5. Performance Ratios for the ILU-BICG
Solver
Data PERELL
With w/o
Overhead Overhead
A 176% 184%
B 251% 264%
C 337% 366%
D 402% 433%
E 400% 437%

Resulting from these performance measure-
ments, the table 5 shows the performance
ratios for the solver “ILU-BiCG” spotted in the
CUDA parallelized program. In figure 10, the
horizontal axe denotes the calculation sizes
divided per the mesh division A of table 3, the
vertical axe denotes the calculation ratios of
the GPU and CPU computations. We have
obtained the remarkable results that the
maximum performance ratio of the GPU/CPU
comput- ational time raises it to 400%
saturated.

It could be estimated that this saturated 400%
speed up on-board GPU could be caused by the
overhead due to reshaping the array data
This overhead could be
resolved by reshaping the whole arrays in the
CADMAS-SURF/3D program. It would be

assumed and expected that an ideal lLinear

access sequences.

speed up could be obtained with resolving the

overhead problem.

S0P
450
o
% 3500 f‘//
3
S 30
§ )/
P 25006
§".

2008 with Overhead
== J
1508 —®—  wio Overhead
100%
1 0

Simulations Size

Figure 10. The Performance Ratios of the
GPU/CPU computational time ratios

Figure 11-A. Contours of VOF Values, Both
Velocity/Pressure at a Sliced Vertical Section

Figure 11-B. Contours (blue & white) of VOF,
Both Velocity/Pressure at the Sliced Section

_6’7_



Figure 11-C. Streamlines and Contours of VOF

Figure 11-C. Vectors of Velocity

4. CONCLUSIONS

In this paper, we extract a part of calculation
bottleneck in the original CADMAS-SURF/3D
CUDA

in the part extracted by

program and examine the
parallelization
profiling. Resulting from the profiling the
bottleneck in the original CADMAS-SURF/3D
program, it is found that 70~80% of the all
execution time in the solver for solving the
simultaneous linear equations by the ILU-
BiCG method. In this paper, we examine the
CUDA porting tool for GPU computation and
suggest a macro code by C preprocessor for
CADMAS-SURF/3D  originally coded in
FORTRAN to be adopted into CUDA C

language. Furthermore, we optimize the data

access sequence pattern from a profiling result
to eliminate the calculation bottleneck. We
inspect the legitimacy of the solution by
and then

examine the program tuning by a data

examining the rounding error,

sequence access pattern optimization.

As a conclusion of this research from the
performance measurement, the GPU/CPU
computational time, it is found that the CUDA
parallelization on-board GPU is the maximum
400% faster than the original CADMAS-
SURF/3D program. In the future, we would
like to open the CUDA code we have developed
on the internet.
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<text>[iEH 02</text>
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<text>[{H 03</text>
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