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Optimization of the program for solving oil displacement problem

Abstract: This article discusses the optimization methods of the program to solve the problem
of oil displacement. We consider the acceleration of program execution time on a single processor
without the use of parallel architectures. The two-dimensional Buckley-Leverett model, which was
solved by the Jacobi method, was chosen as the oil displacement problem. Program optimization is
performed by three levels, the main of which is vectorization. After each level of optimization, an
analysis of the program execution time is made and compared with a sequential program. All three
levels of optimization showed an acceleration of about 89-95%.

Keywords: oil displacement, optimization, optimization keys, vectorization, SIMD extensions,
SSE Intrinsics.

DOI: https://doi.org/10.32523/2616-7263-2019-127-2-40-48
Introduction. Numerical models of modern problems of industry and science work with very

large data. It takes a lot of processor time to compute. To reduce computation time, parallel
computing technologies like MPI, OpenMP, CUDA, etc. are used. But for parallel computing, we
need a system with several computational processors. But it makes sense to optimize the program
for one processor. This work is devoted to optimizing the program, using the potential of modern
processors. When optimizing programs, the compiler can play a significant role, the better the
compiler copes with the optimization, the faster your program can run. Accelerating the running
time of programs can be achieved using vector extensions of processors, such as SSE, AVX and
other versions. And there are also other optimization methods that can be implemented based
on the work and purpose of the program. Since execution time is one of the important values,
optimization plays a significant role in the development of programs.

Purpose of the work. The task in this paper was to first develop an algorithm for solving the
problem of displacement of oil and write a program of this algorithm. Then optimize the program
by runtime so that the program works as quickly as possible.
Methods

0.1. Methods of solution. To solve the problem of oil displacement, the Buckley-Leverett model
was chosen [1]. Consider the case when a certain amount of water passes through the injec-
tion well within a certain time. In the injection and production wells, the pressures Pinj and
Pprod (P inj > P

prod
) are given. Water flowing through the injection well displaces oil in the forma-

tion, which in turn moves toward the production well. It is necessary to develop a computer model
of mass-exchange processes in the reservoir. Below is the layout of the reservoir:

The mathematical model of two-phase filtration consists of the equation of the balance of water
and oil. Through the boundaries ∂Ω for the domain Ω the equation of the system will be in the
following form [2]:

m
∂s1
∂t

+ div (−→v 1) = 0

m
∂s2
∂t

+ div (−→v 2) = 0

−→v 1 = −k f1
µ1
∇P

−→v 2 = −k f2
µ2
∇P

40
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Figure 1 – Well Scheme

Here, m is the porosity of the reservoir, s1 , s2 is the saturation of water and oil, s1 + s2 =1,
−→v 1,

−→v 2 – velocities, k is the absolute permeability, f1 and f2 is the relative phase permeabilities,
µ1, µ2 – viscosity, P – pressure. Thus, it is necessary to find the function P, the pressure, using
the following initial conditions

P |t=0 = Prsv

For the boundary conditions, the symmetry condition was taken:
∂P

∂x

∣∣∣∣
x=0

=
∂P

∂x

∣∣∣∣
x=1

= 0

∂P

∂y

∣∣∣∣
y=0

=
∂P

∂y

∣∣∣∣
y=1

= 0

Differential form of the equation:

m
∂s1
∂t

+
∂

∂x

(
−kx

f1
µ1

∂P

∂x

)
+

∂

∂y

(
−ky

f1
µ1

∂P

∂y

)
= 0

m
∂s2
∂t

+
∂

∂x

(
−kx

f2
µ2

∂P

∂x

)
+

∂

∂y

(
−ky

f2
µ2

∂P

∂y

)
= 0

∂

∂x

(
Mx

∂P

∂x

)
+

∂

∂y

(
My

∂P

∂y

)
= 0 (1)

First all equations are reduced to a dimensionless form. We give dimensionless variables to the
following relations:

x̄ = x
Lx

; k̄ = k
kc

; µ̄1 = µ1
µc

; µ̄2 = µ2
µc

; P̄ = P
Pc

; t̄ = t
T ;

For computer calculations, the oil displacement equation (1) was reduced to a finite-difference
form and using the iterative method obtained the following formula [3]:

(Mx)i+ 1
2
j

Pni+1j − P
n+1
ij

h21
− (Mx)i− 1

2
j

Pn+1
ij − Pni−1j

h21
+

(My)ij+ 1
2

Pnij+1 − P
n+1
ij

h22
− (My)ij− 1

2

Pn+1
ij − Pnij−1

h22
= 0

(2)

From equation (2) it is possible to obtain the following formula for calculating the pressure at
each point of the reservoir:

Pn+1
ij =

(Mx)i+ 1
2
jP

n
i+1j + (Mx)i− 1

2
jP

n
i−1j+ (My)ij+ 1

2
Pnij+1 + (My)ij− 1

2
Pnij−1

(Mx)i+ 1
2
j + (Mx)i− 1

2
j + (My)ij+ 1

2
+ (My)ij− 1

2

(3)
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Using the data in the n-th time layer, we find the pressures pn+1
ij in the given time layer. Com-

putational work is repeated according to this scheme, until the following condition is satisfied:√√√√(Nx∑
i=1

Ny∑
i=1

(Pn+1
ij − Pnij)2

)
< ε (4)

Using the algorithm described above, a program for solving the problem of oil displacement has
been developed. The next task is to optimize this program. Optimization is considered in three
ways:

1. Optimization by the compiler
2. Vectorization
3. Other details

0.2. Optimization by the compiler. For the first level of optimization, you must select the
compiler and use the optimization keys. Currently, there are many different compilers. In this
work, Intel C++ Compiler (hereinafter icc) and GNU Compiler Collection compilers (hereinafter
gcc) were chosen for the measurements. The calculations were made on an Intelr Xeonr Processor
E5-2603. It is known that icc optimizes the program well. Intel’s compiler is a commercial project,
and it generates good executable code for Intel processors. GCC is a widely known and non-
commercial open source compiler. Each compiler has its own set of optimization. We can connect
them using the keys -О1, -О2, -О3. Each level -O optimization includes various ways of optimizing
the code. For example, in the -O2 and -O3 keys, automatic code vectorization is enabled using SIMD
extensions. The -O2 key does not include runtime optimization due to the increase in the length of
the executable code. The -O3 key includes cycle loops and function substitution, and this key can
reduce the execution time of the program but increase the code size [4,5].

In the first level, optimization is also considered using statistics. When the program is compiled
with keys, the compiler cannot optimize based on the data with which the program will work. The
Profile-guided optimization (PGO) technology makes it possible to solve this optimization issue.
The algorithm for using PGO is very similar to both compilers.

1. Compile the program using the -fprofile-generate key in gcc and -prof-gen in icc.
2. Run the program several times. A file with the extension .gcda in gcc appears, and in icc

with the extension .dyn. These files collect and store statistics.
3. We compile the program using the -fprofile-use key in gcc and -prof-use in icc. We get an

optimized program.

0.3. Vectorization. In modern microprocessors there are vector extensions such as MMX, SSE,
AVX, etc. A scalar command can process only one unit of data per clock cycle, and a vector
instruction can process a vector of length n. In SSE extensions, the vector length is 128 bits, which
means that one command can simultaneously process a vector of four elements of the float type. The
length of the vector in the AVX extension is 256 bits, into which you can put 4 elements of a double
type or 8 elements of the float type. Code vectorization can be implemented automatically, semi-
automatically or manually. Automatic vectorization is realized with special keys at compile time. In
icc, auto-vectorization is included in the -O2 key, and in gcc in the -O3 key. But the compiler may
not vectorize sections of code that are interdependent or work with integer mathematics, because
the final results may not be accurate from the order of the operation [6]. The programmer can
explicitly indicate the parts of the code that need to be vectorized. Such actions can be performed
using the SIMD directive or in OpenMP 4.0 using the #pragma omp simd pragma. This method of
vectorization is called semiautomatic [7,8].

Manual code vectorization can be performed using assembler inserts, C ++ classes SSE in icc
or SSE Intrinsics. For the vectorization of the program, SSE Intrinsics instructions were used in
this paper. For the vectorization of the program, SSE Intrinsics instructions were used in this
paper. The main cycle of calculating the pressure by formula (3), the cycle of finding the matrices
Mx and My , the cycle for checking the condition (4), the cycle of copying the boundaries by the
symmetry condition was vectorized. The AVX vector expansion is installed in the processor in
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which the calculations were made. Using data types and commands, the code for this extension was
vectorized.

0.4. Other details. Optimization of the program can be done for the execution time or for the code
size. This work is devoted to reducing the execution time of the program. In the original program,
coefficients matrices kx and ky were calculated, which was spent a lot of time. The calculation of the
matrices Mx and My was optimized without superfluous calculation of kx and ky and substitution
of functions f1 and f2 . In the formula (3), Mi+ 1

2
j means (M ij + Mi+1j)/2 . By mathematical

means, you can get rid of all divisions by two, because the division takes a lot of processor time,
and the reduction in the code of such operations gives acceleration. Also, in the original program,
boundary copying occurred in two cycles, one for the upper and lower bounds, the second for the
lateral boundaries. And in the optimized version due to the vectors, the lateral boundaries are
immediately calculated from the mirror data, and only the upper and lower boundaries are copied.
The functions f1 and f2 mean S3.5 and (1− S)3.5 , respectively. But in Intrinsics there is no
command to find a degree. Initially, in the vector code, 7 degrees of the number were found and
brought into the square root, but optimized in such a way that the square root of the number is in
another variable, and in the other variable we find 3 degrees of a given number, and multiplying two
variables gives 3.5 degrees. It is assumed that the calculating of the two above-described variables
runs in parallel. When developing programs, you must always take into account the time of access
to memory. When accessed, memory is loaded by blocks, and these blocks fall into the fast cache
memory. If each time to call different blocks and each time to load them into the cache memory,
the execution time of the program can increase many times. To work around this problem, it is
advisable to work with consecutive or close memory cells. For example, it is better to treat arrays
as they are stored in memory, that is, line by line.

1. Results and discussion

Figure 2 – The execution time of programs without optimization keys. Axis Oy - time of execution, axis Ox -
dimensions of the reservoir

The second figure compares the execution time of the program compiled in the ICC and GCC
compilers. As you can see, the ICC program time is much less than the GCC program. This is
because by default ICC compiles with the -O2 key, and GCC without optimization. And in the
third figure, the execution time of programs without optimization. In Figures 4,5 and 6 you can see
the execution time with optimization keys. From these graphs we can see that the Intel compiler
optimizes the program well. But the advantage of ICC can also be explained by the processor
on which the calculations were made. In Intel processors it is better to use the ICC compiler, as
well as in AMD processors it is better to use the compiler from AMD. Because the manufacturer
is better aware of the advantages of its devices. In Figures 7 and 8 we can see the benefits of
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Figure 3 – The execution time of programs with the -00 key. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

Figure 4 – The execution time of programs with the -O1 key. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

Table 1 – Acceleration of optimization

Grid size The execution time
of the initial pro-
gram (T1), sec

Run time of the
optimized program
(T2), sec

T1/ T2

32х32 0,19735 0,0102 19,34804
64х64 2,3026 0,1491 15,44333
128х128 28,6307 2,007 14,26542
256x256 219,0439 23,869 9,17692

using PGO. The compilation was done with the -O2 key. As you can see, PGO in GCC gives an
acceleration of 7-30%. In the ninth figure, you can see a comparison of a scalar program with a vector
program. The compilation was performed with the -O2 key. The graph shows that the vectorization
yielded approximately 30-50% of the productivity gain. Ideally, the vectorization should speed up
the program four times, because four times less operations will be performed. But there is no such
acceleration in the graph, because the auto-vectorization is already included in the -O2 key in the
Intel compiler. Since the compiler can not vectorize some parts of the code, manual vectorization
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Figure 5 – Time for executing programs with the -O2 key. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

Figure 6 – Time for executing programs with the –O3 key. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

speeds up better. If you compare the execution time of the vectorized version of the program and the
scalar version compiled with the -O1 key, you can see a gain of 60-73%. At best, almost four times
as mentioned above. And at the end, in the table you can see the comparison of the execution time
of the initial program without any optimization methods and the program in which we used three
levels of optimization. At best, we got almost 20 times the acceleration. Based on these indications,
we can confidently say that the above three levels of optimization should be taken into account when
developing programs.
Conclusion. This work was devoted to the study of methods for optimizing programs. To study

this methods the program for solving the problem of oil displacement was chosen. A sequential algo-
rithm for solving this problem was compiled, a program was developed, and the code was optimized
with three levels. In the first level, optimizing compilers with keys were studied. In the second level,
we wrote a vectorized version of the program that accelerated the scalar version. In the third level,
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Figure 7 – Optimization using statistics on the GCC compiler. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

Figure 8 – Optimization using statistics on the Intel compiler. Axis Oy - time of execution, axis Ox - dimensions of the
reservoir

other optimization details were considered. Using the methods studied, the initial program without
optimization was accelerated by 89-95%. The set goals were achieved, and came to the conclusion
that it is possible and necessary to speed up the execution time of programs using optimization
methods.
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Figure 9 – Execution time after vectorization. Axis Oy - time of execution, axis Ox - dimensions of the reservoir
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Мұнай ығыстыру есебiн шешуге арналған бағдарламасын оңтайландыру

Аңдатпа: Бұл мақалада мұнай ығыстыру есебiн шешу бағдарламасының оңтайландыру әдiстерi талқыланады.
Параллельдi архитектураларды пайдаланбай, бағдарламаның орындалу уақытын бiр процессор үшiн жеделдету
қарастырылады. Мұнайды ығыстыру есебi ретiнде Якоби әдiсiмен шешiлген екi өлшемдi Баклей-Леверетт
моделi таңдалды. Бағдарламаны оңтайландыру үш деңгейде жүзеге асырылады, оның негiзгiсi - векторизация.
Оңтайландырудың әрбiр деңгейiнен кейiн бағдарламаның орындалу уақытына талдау жүргiзiледi және тiзбектi
бағдарламамен салыстырылады. Оңтайландырудың барлық үш деңгейi шамамен 89-95% жылдамдықты көрсеттi.

Түйiн сөздер: мұнай ығыстыру, оңтайландыру, оңтайландыру кiлттерi, векторизация, SIMD кеңейтiлiмдерi, SSE
Intrinsics.
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Оптимизация программы для решения задачи вытеснения нефти

Аннотация: В данной статье рассматриваются методы оптимизации программы для решения задачи вытеснения
нефти. Рассматривается ускорение времени выполнения программы на одном процессоре без использования
параллельных архитектур. В качестве задачи вытеснения нефти выбрана двумерная модель Баклея-Леверетта, которая
решалась методом Якоби. Оптимизация программы выполняется тремя уровнями, основной из которых является
векторизация. После каждого уровня оптимизации производится анализ времени выполнения программы и сравнение с
последовательной программой. Все три уровня оптимизации показали ускорение примерно в 89-95%.

Ключевые слова: вытеснение нефти, оптимизация, ключи оптимизации, векторизация, расширения SIMD, SSE

Intrinsics.
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