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Abstract. The paper presents a detailed analysis of the algorithm for calculating the thermochemical
equilibrium of fuel combustion products in an isolated system. The sequence of stages of numerical model-
ing, the structure of the software implementation, and the profiling to identify critical code sections are con-
sidered. On the basis of the obtained results, a step-by-step optimization was carried out, including modifica-
tion of numerical methods, reorganization of the data structure, reduction of the amount of computation, and
attempts to use multithreading. It is shown that a significant performance gain was achieved mainly due to
algorithmic solutions. All experiments were performed for a scenario of multiple repetition of calculations,
which is typical for the tasks of building databases of equilibrium parameters. As a result of the optimization,
the program execution time was reduced by more than 40 %, which confirms the effectiveness of the imple-

mented solutions for massive numerical modeling.
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Introduction

Thermochemical modeling plays a main role in
numerous engineering and scientific fields, includ-
ing the development of fuels, combustion systems,
engines, and process safety analysis. One of the
characteristic features of such problems is the pres-
ence of complex nonlinear dependencies between
system parameters (temperature, pressure, volume,
chemical composition), which requires multiple
numerical integrations, solving systems of equations,
and finding an equilibrium state according to ther-
modynamic criteria.

In real-world calculations, models describing
combustion are often high-dimensional and contain
dozens or hundreds of chemical components and
reactions. Even when using simplified models (e.g.,
reduced to 10-15 components), the computational
load remains significant, especially when iterative
solutions are based on Newton's method or similar
schemes. In this context, an efficient implementation
of software for such models becomes critical both to
ensure acceptable calculation time and to be able to
scale to more complex configurations.

The problem is complicated by the fact that
ready-made computational libraries or universal
packages (e.g., Cantera, CHEMKIN) seldom allow
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to take note the specifics of a particular physical
process or optimize computations at the level of the
processor microarchitecture [1, 2]. That is why there
is a need to investigate methods for targeted optimi-
zation of calculations, taking into account the data
structure, peculiarities of the implementation of
thermodynamics functions, reuse of intermediate
results, and effective control of the accuracy and
stability of iterative processes.

1 Analysis of the state of the art in thermo-
chemical modeling

Optimization of calculations in thermochemis-
try problems is not only an engineering challenge
but also a subject of scientific interest, since not only
performance but also the ability to conduct numeri-
cal experiments in real time depends on the chosen
implementation methods, which is especially im-
portant in conditions of limited resources or when
using computational models within interactive simu-
lators and decision support systems [3].

Modern methods of thermochemical modeling
involve the construction of systems that reflect com-
plex nonlinear dependencies between fuel mixture
components and environmental parameters. Such
systems are usually described by chemical equilibri-
um and enthalpy balance equations, which require
iterative numerical algorithms that include internal
optimization cycles, approximations of thermody-
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namic functions, as well as derivative calculations
and accurate interpolation [4, 5].

Of particular computational complexity are in-
verse problems of interpreting the composition of a
gas mixture, which arise, for example, in cases
where it is necessary to restore the original fuel for-
mula based on the known characteristics of its com-
bustion products. Such problems are characterized
not only by the need to repeatedly solve the direct
problem for different configurations, but also by a
sharp increase in the number of possible options
when the number of chemical elements taken into
account in the model increases. As shown in [6],
each addition of a new element to the gross formula
causes an avalanche-like increase in the number of
calculations, which, in turn, requires significantly
more computing resources and time.

In addition, most of the available libraries and
software packages for thermochemical calculations
(in particular, CHEMKIN and Cantera) provide
broad functionality but require significant adaptation
when integrated into production or scientific compu-
ting chains. The issue of effective preparation of
such systems for batch processing of a large number
of tasks with different input data is especially rele-
vant [1, 2].

Thus, thermochemical modeling is not only a
scientific but also an engineering task in which the
requirements for accuracy, reproducibility, and cal-
culation speed must be balanced with limited re-
sources and the need for scalability of solutions.

In modern thermochemical modeling, numeri-
cal libraries and software tools are widely used to
provide effective solutions to problems of chemical
equilibrium, kinetics, and heat and mass transfer.
Among these tools are the following:

Cantera is an object-oriented software package
that supports modeling of chemical kinetics, ther-
modynamics, and transport processes in the gas and
condensed phases. Cantera is widely used to model
combustion processes, reactors, and other thermo-
chemical systems [1].

CHEMKIN is one of the oldest and most wide-
ly used packages for analyzing gas-phase chemical
kinetics. It provides accurate modeling of complex
chemical reactions under various conditions, includ-
ing high-temperature processes [2].

Thermochimica is a library for calculating
thermodynamic equilibrium in multicomponent mul-
tiphase systems, which allows modeling complex
reaction media with high accuracy [7].

FastChem 2 is an updated version of the semi-
analytical code for calculating chemical equilibrium
in the gas phase, which supports a wide range of
chemical elements and provides high computational
speed [8].

Combustion Toolbox (CT) is a new open source
software package for solving chemical equilibrium
problems in the gas and condensed phases, which
includes modern free energy minimization algo-
rithms and supports the modeling of shock waves
and rocket engines [9].

Common techniques used in thermochemical
modeling include:

Gibbs free energy minimization to determine
the equilibrium composition of the system at given
temperatures and pressures. This approach is imple-
mented in many modern software packages, such as
Cantera and Combustion Toolbox [1, 9].

Iterative methods for solving systems of non-
linear equations that describe chemical kinetics and
thermal processes. For example, the Newton-
Raphson method is widely used to find roots in
chemical equilibrium problems [9].

Use of approximation methods to reduce com-
putational complexity, such as dimensionality reduc-
tion methods for chemical mechanisms. This reduces
the number of required calculations without signifi-
cant loss of accuracy [5].

Parallel computing and the use of high-
performance computing resources to speed up the
calculation of complex models. For example,
FastChem 2 supports parallel computing, which can
significantly reduce calculation time [8].

The use of these libraries and methods allows to
efficiently model complex thermochemical process-
es, optimize computations, and ensure high accuracy
of results.

2 Objective

In the context of modern thermochemical mod-
eling, which is accompanied by high computational
complexity, the problem of increasing the efficiency
of numerical algorithms without losing the accuracy
of the results is especially relevant. This article is
devoted to the study of the possibilities of targeted
optimization of computational processes in an ap-
plied fuel combustion model based on the Peng-
Robinson equation with consideration of chemical
equilibrium and soot formation products.

The mathematical apparatus, model structure,
and its physicochemical assumptions are described
in detail in a companion paper on the development
of a combustion model and analysis of the influence
of the parameters of the initial mixture on the tem-
perature and thermal characteristics of the system
[10]. In this publication, the focus is not on the phys-
ical or thermodynamic nature of the process, but on
the justification of decisions related to the imple-
mentation of the numerical algorithm, its structural
organization, and optimization of computational
performance.
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The peculiarity of the study is that the devel-
oped program is considered not as a one-time calcu-
lation tool, but as a tool for building a large-scale
library of thermochemical data. Such a task involves
millions of model runs for different initial condi-
tions, which makes it impossible to perform long
computations. Therefore, even minor improvements
in performance, which may seem insignificant in an
1solated case, become essential on the scale of the
entire process.

Regarding this paper:

- analyzed bottlenecks in the computing struc-
ture based on the profiling results;

- local optimizations are implemented (compu-
tational minimization, transformation of cycles,
elimination of redundant actions);

- architectural changes were proposed to better
organize computational dependencies;

- The feasibility and potential of using parallel
computing was checked;

- a step-by-step assessment of the impact of
each change on the execution time was performed;

- recommendations for organizing the code to
achieve maximum efficiency were formulated.

The ultimate goal of the study was to achieve
the maximum possible speedup of the program,
which would allow it to be effectively used to build
a large-scale thermochemical data library. It was
expected that the specifics of the model - numerous
similar computations with predictable dependencies
- would create favorable conditions for the wide-
spread use of parallel computing and a significant
performance gain. Based on this assumption, the
study consistently implemented, tested, and analyzed
both local and global optimization approaches in
order to exhaustively use all potential performance
reserves.

3 Problem statement

The mathematical model implements an itera-
tive calculation of the combustion temperature, mix-
ture temperature, and pressure corresponding to
chemical equilibrium in a given volume. The initial
data are the ambient temperature, pressure before the
start of combustion, fuel mass, the ratio of chemical
elements in the fuel, and the volume of ballast air.
For each fuel, the stoichiometric ratio of oxygen is
determined, the amounts of oxidizer and ballast
components are calculated, and then the energy and
volume balance is performed.

The task is nonlinear, multi-step, and involves
iterative adjustment of several interrelated parame-
ters - pressure, temperature, volume, and mixture
composition - based on a combination of chemical,
thermodynamic, and volumetric relationships.

The first step is to calculate the enthalpies and
entropies of all components of the gas mixture at a
given temperature. Based on these values, the chem-
ical equilibrium constants for the main dissociation
and recombination reactions are determined. Next,
an internal cycle begins, in which mole volumes are
calculated for each of the components using the
Peng-Robinson equation, and the total volume of the
mixture is compared to a fixed volume of the reac-
tion chamber. By adjusting the pressure, a balance of
volumes is achieved, which allows determining the
combustion pressure.

The second stage involves calculating the
chemical composition of the mixture that meets the
condition of chemical equilibrium. The initial sys-
tem of equations is specified as a matrix of stoichi-
ometric coefficients for the main components and
intermediate products. The matrix is inverted, and
the vector of free terms is formed taking into ac-
count the current value of the mole amounts. By
iteratively updating the composition of the mixture,
the model ensures that the specified accuracy in
terms of relative changes in concentrations is
achieved.

The third stage consists of an external tempera-
ture iteration cycle: the calculation of the equilibri-
um constants and mixture composition is repeated
for each new temperature approximation until the
total enthalpy of the combustion products balances
the enthalpy of the initial fuel and air. This is how
the combustion temperature is determined.

The fourth stage simulates the process of mix-
ing hot products with air residues. Given the known
enthalpy of the resulting mixture, the temperature at
which this enthalpy is provided by a mixture with a
certain composition is selected. This makes it possi-
ble to set the temperature of the mixed gas phase
after combustion.

The fifth step is to re-solve the Peng-Robinson
equation, this time for the post-mixing conditions, at
the found temperature and new pressure. The pres-
sure value is selected so that the total volume of all
gas components matches the geometric volume of
the chamber. The result is the final pressure value of
the mixture after all reactions and expansion pro-
cesses have been completed.

Thus, the problem is solved as a hierarchy of
nested iterations: from the local volume balance
through chemical equilibrium to the global energy
balance of the entire system. All calculations are
performed with high accuracy and require numerical
integration, solving systems of linear equations, and
calculating polynomial approximations of enthalpies
and entropies for 12 gases. The model is character-
ized by a high computational load, which necessi-
tates its optimization for use in mass computing
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tasks, for example, in the construction of a reference
database [10].

The software implementation of the model is
presented as a separate TModel class that encapsu-
lates all the main computational functions, accom-
panying arrays of coefficients, and auxiliary data
structures. This approach provides logical isolation
of the computational part and allows for centralized
control of both modeling stages and intermediate
variables, including enthalpy and entropy character-
istics.

The implementation uses static arrays of fixed
size to reduce the cost of memory allocation. At the
same time, the implementation of calculating the
polynomial value is based on the Horner scheme,
which significantly reduces the number of arithmetic
operations while maintaining the accuracy of calcu-
lations.

The algorithm for solving the Peng-Robinson
equation is implemented by solving a cubic equation
with real coefficients. The search for the root is car-
ried out in a complex form with the subsequent se-
lection of a physically feasible (positive real) solu-
tion. The code for calculating gas volumes uses
these roots without additional refinements, which
minimizes the overall time spent.

For the convenience of analyzing the architec-
ture of the program code and finding potential per-
formance bottlenecks, Fig. 1 shows a generalized

TModel::Run
—— RunStep3
—— RunStepl
—— CalcEntalpy
—— CalcEntropy
—— CalcKp
—— CalcVm
L— calculateGasVolume
—— calculateCoefficients
—— solveCubic
—— RunStep2
— invertMatrix
—— multiplyMatrix Vector
——exp/log
— RunStepd
— CalcEntalpy
—— RunStep5
L— CaleVm
L calculateGasVolume
—— calculateCoefTicients
—— solveCubic

Fig. 1 - The structure of function calls
in the TModel

diagram of function calls that are performed within
the main cycle of the TModel::Run model. Each of
the main stages (RunStepl - RunStep5) performs

specific calculations, some of which are intercon-
nected through common auxiliary functions. The
deepest involvement is observed in the RunStepl
function, which includes a chain of calls to calculate
Gas Volume, calculate Coefficients, and solve Cu-
bic.

It is important to note that some of the functions
are reused in different stages, including Calc Vm,
Calc Entalpy, and calculate Gas Volume. This level
of modularity creates prerequisites for potential re-
factoring, local optimization, or transferring part of
the calculations to a multi-threaded mode, which is
the subject of further research.

4 Analysis of profiling results

Performance profiling in tasks related to numer-
ical modeling often faces a specific problem: a sig-
nificant portion of the program execution time is
spent not on computational procedures, but on auxil-
iary calls related to environment initialization, event
processing, input/output operations, etc. In such
cases, the profiling results may be shifted towards
system functions and not reflect the real load struc-
ture within the framework of the calculation algo-
rithms.

In the proposed implementation, a similar situa-
tion was manifested by the fact that in the conditions
of a single call to the Run() calculation function, a
significant part of the time was taken up by external
and infrastructure calls, in particular those related to
the MFC and vcruntime libraries. Thus, the standard
performance profile displayed information mainly
about functions that are not directly related to the
mathematical essence of the model.

Another approach to measuring performance is
to use timers directly, for example, through std:
chrono. However, this method only allows you to
record the total execution time of a function or code
snippet, without allowing you to differentiate be-
tween individual stages of a complex multi-step
algorithm. It is theoretically possible to manually
insert time measurements around each block, but
this requires significant time spent on modifying and
maintaining the code.

As follows, a compromise decision was made:
to run the computational model in a cycle with a
fixed number of repetitions (in this case, 1000 itera-
tions), keeping all parameters unchanged. This ap-
proach made it possible to shift the emphasis in the
performance profile directly to the model's computa-
tional functions, such as Run Step, invert Matrix,
solve Cubic, and calculate Gas Volume. This, in
turn, created the conditions for a correct analysis of
the time spent on critical calculation steps.

Analysis of the profiling results (see Fig. 2) al-
lows us to make a number of important observations.
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The largest time consumption is concentrated in the
functions related to solving systems of equations (in
particular, multiply Matrix Vector), calculating loga-
rithms and exponents (log, exp) and constructing the
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inverse matrix (invert Matrix). This indicates that
the most significant part of the time is spent on itera-
tive refinement of the composition of combustion
products, which is implemented within RunStep2.

MATb BepywW X KaTeropuii

O6wee spema LM [eaunnun, %] CoBersennoe spema LM [eaninys, %] &

1080 (26,18 %)
172 (5,80 %)
126 (4,22 %)
120 (4,02 %)
38(127 %)

0O6wee spems LN [egunnupl, %] Coboreennoe spema LN [egnnvys, %]

0 (0,00°%)
6(0.20%)

0 (0,00 %)

0 (0,00°%)

0 (0,00°%)
381,27 %)
0 (0,00°%)

0 (0,00°%)

0 (0,00%)
120 (402 %)
16 (0,54 %)

Aapo : 55,6 % (1660}
| | Cpepa esinontenna : 444 % (1.
Ul:<0,1%(1)

Fig. 2 - The result of profiling the source code

In addition, the presence of calculate Gas Vol-
ume and its derived functions solve Cubic and calcu-
late Coefficients is noticeable, which are used at
several stages of the model (determining volumes
when searching for pressure and temperature). Tak-
en together, these calls take up a significant amount
of time, especially within RunStep1, RunStep3, and
RunStep5, where they are used in repeated cycles to
select combustion parameters.

Against this background, other stages of the
program, including initialization or recording results,
have a negligible impact on the overall execution
time. This confirms the correctness of the approach
taken with the cyclic launch of the algorithm to shift
the focus of profiling to computing components.

The average program execution time is
2892000 ps.

Based on the above analysis, further optimiza-
tion actions should be aimed at

- improving or rewriting the RunStep2 block, in
particular, reducing the number of logarithms and
exponents calculations;

- optimization of operations on matrices - invert
Matrix and multiply Matrix Vector;

- possible implementation of a more efficient
method of solving a cubic equation in solve Cubic;

- checking the feasibility of caching results for
the Get Entalpy and Get Entropy functions, which
are called with high frequency.

5 Optimizing the computing process

During the initial analysis of the code of the
RunStep2() function, two independent fragments
were found that did not affect the calculation results
but could potentially slow down the execution.

In the first fragment, we found a repeated calcu-
lation of exponents. After the main iteration process
was completed, the exp (New Value[i]) values for
each component were re-calculated and written to
the exp New Value array. From a technical point of
view, this is a duplication, since the exponent values
have already been used in the iteration process. Nev-
ertheless, this part of the code is executed only once
after the iterations are completed, so its optimization
is cosmetic and does not affect performance. The
profiling showed a load reduction of less than 0.1%,
which is practically not noticeable.

The next code snippet concerned the initializa-
tion block of the matrix A, which defines the struc-
ture of chemical equations. Some of its elements are
filled with constant values that do not change during
iterations. Moving this initialization outside the loop
made it possible to eliminate unnecessary repetitive
memory operations. In combination with the previ-
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ous modification, this has already yielded a noticea-
ble result: the total execution time of the RunStep2()
function has decreased by 0.87%, and the average
execution time of the entire program has decreased
from about 2890000 ps to 2888000 ps.

On the one hand, such a gain may seem insig-
nificant. However, it is worth emphasizing that in
this case we are dealing with optimization at the
most local level, where the goal is to eliminate any
redundant actions, even if their effect is limited to a
tenth of a percent. In practice, such micro-
optimization may be perceived as excessive atten-
tion to detail. However, it is precisely this high den-
sity of local optimization that allows you to squeeze
the maximum possible out of the model at the cur-
rent stage without changing its overall structure.

One of the minor but systemically justified im-
provements was the replacement of the division by
multiplication operation with the inverse value in the
invert Matrix function. In the original version, each
element of the current row was normalized by divid-
ing by the diagonal element. It was proposed to cal-
culate the inverse diagonal element once and replace
all subsequent divisions with multiplications:

double invDiag = 1.0 / diagElement;
for (intj=0;j <2 *N; ++) {
augmented[i][j] *= invDiag;

}

This resulted in a slight but steady improvement
in execution time - from 2888000 us to 2878000 us.
The effect is typical of micro-optimizations: a slight
reduction in floating point overhead, but storing the
code in a more efficient form.

Further analysis revealed that the invert Matrix
function is executed at each iteration of the chemical
equilibrium search and therefore may affect the
overall performance. A number of ideas for its pos-
sible optimization were considered.

Refusal to use std::swap in favor of manual im-
plementation of the exchange of elements in three
cycles. This approach, as the experiment showed,
did not pay off: the program execution time in-
creased by about 1%. The reason is that std::swap is
usually implemented through a single machine in-
struction xchg, while the manual implementation
generates more memory accesses and instructions.
This result was expected.

Replacing std::fabs with std::abs in the nullity
check of the leading element. The change was more
of a stylistic one, but according to the profiling re-
sults, it gave a weak but fixed improvement (about
0.1%). This may be due to differences in the internal
implementation of functions or the compiler's reac-
tion to the argument type. It is worth noting that
from the point of view of portability and compliance

with the modern C++ standard, the use of std::abs
for double is preferable.

Replacing division by multiplication with the
inverse value (1.0 / x). Although theoretically such a
replacement has the potential for optimization, in
this case it did not give a noticeable gain. The reason
is that modern compilers (e.g., GCC, Clang, MSVC)
already automatically apply the appropriate trans-
formation during optimization if the expression does
not contain a risk of division by zero. Thus, manual
replacement did not bring any additional benefits.

These results emphasize the peculiarity of the
case under study: we are dealing with a highly load-
ed but small-sized (12x12 matrix dimension) code
snippet where the compiler performs most micro-
optimizations automatically. Under such conditions,
manual optimization produces either a cosmetic
effect or a slight increase that is quickly offset by the
overall structure of the computation.

However, even such an analysis is important
because it allows you to

- confirm the expediency of trusting the com-
piler optimizer,

- separate "aesthetic" code improvements from
those that affect performance

- form an understanding of the limits of each
approach's effectiveness.

In our case, this also once again confirms the
nature of the task: we are trying to achieve maxi-
mum efficiency even at the level of tenths of a per-
cent of performance, which is typical for optimizing
specialized computational models in the field of
technical thermochemistry.

By analyzing the critical path obtained as a re-
sult of profiling (Fig. 2), we found that the most
resource-intensive function is RunStep3. It is this
function that initiates the iterative process of select-
ing the flame temperature with numerous calls to
auxiliary computational functions that form the core
of the model. With this in mind, the first optimiza-
tion attempt was focused on this particular fragment.

In the process of optimizing the RunStep3 func-
tion, we tried to implement a multi-threaded calcula-
tion of the sum of elements of the form Sum += exp
New Value[i] * Entalpy Flame[i], where i runs only
through the combustion products.

The initial implementation used a separate sys-
tem of product identifiers, different from gas identi-
fiers. As a result, calculations looked like sequential
calls with fixed indices, for example:

Sum +=exp New Value [pCO2] * Entalpy Flame
[CO2];

Sum +=exp New Value [pCO] * Entalpy Flame
[CO];

...
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This structure did not allow us to directly re-
write the calculation as a loop suitable for parallel-
ization. Several solutions were proposed: introduce a
map of correspondences, create an alternative list of
identifiers, or completely unify the identification of
products and gases. In the end, the latter option was
chosen - abandoning the dual identification system
in favor of single gas indices, which made it easier
to access the arrays and opened the way for vectori-
zation and multithreaded execution.

The refactoring process also changed the ap-
proach to storing the coefficients of polynomials for
calculating enthalpy and entropy: instead of a two-
dimensional array of double Koefs [19], [7], an array
of structures of type Polynomial was introduced,
each of which stores its own set of coefficients. This
modification made it possible to: simplify data trans-
fer to functions (const Polynomial&); reduce the
likelihood of cache conflicts during parallel access;
and increase caching efficiency due to compact ac-
cess to objects.

As a result, it became possible to implement the
calculation of the sum in a parallel loop using the
#pragma omp parallel for reduction(+:Sum), which
fully meets the requirements for correct multithread-
ed code.

However, experimental testing has shown that
this variant, despite its algorithmic correctness,
demonstrates an average of 1 ms worse result than
the optimized serial code. The likely reason for this
is the reduction of data locality, additional synchro-
nization costs, and insufficient computation per iter-
ation, which does not compensate for the overhead
of thread management.

Instead, the very fact of refactoring, namely the
refusal to duplicate identifiers, brought a steady in-
crease in performance: the average execution time
decreased by about 20000 ps within a cycle of 1000
repetitions, which corresponds to a gain of about
20 ps per calculation. This result proved that unify-
ing the data structure is worthwhile, regardless of
whether multithreading is used directly.

The next step in the analysis was to study the
RunStep2 function, which, according to the profiling
results, is also part of the critical path (Fig. 2). The
algorithm of this function is responsible for con-
structing and solving a system of equations to adjust
the mole amounts of reaction products. A prelimi-
nary analysis of the code did not reveal any funda-
mental opportunities to simplify or reduce the num-
ber of calculations without changing the essence of
the algorithm.

It has been suggested that the use of an alterna-
tive method for solving a system of linear equations,
such as the LU expansion, may provide a certain
performance gain. Theoretically, this method allows

solving the system of equations faster, especially in
cases where the same coefficient matrix with differ-
ent right-hand sides is reused. However, in our case,
each matrix is constructed anew at each iteration,
and its size remains small (12x12), which does not
allow us to effectively use the advantages of the LU
decomposition.

During the testing, it was found that the pro-
posed implementation of the LU decomposition,
despite the correctness of its operation, almost dou-
bles the total model execution time: from about 2.89
seconds to more than 4.8 seconds. This result is
quite expected, given that the original Gauss-Jordan
algorithm is implemented as a compact cyclic code
without unnecessary function calls and with a high
degree of memory access locality.

Thus, the experimental comparison confirmed
that for a problem with a fixed dimension and a sin-
gle use of the system of equations, the classical
Gauss-Jordan method remains optimal in terms of
performance. Optimization of this part of the code at
the algorithm level turned out to be impractical.

Further analysis has shown that the RunStep2
function contains several computational cycles that
at first glance may look like candidates for parallel
execution. In particular, these are the calculation of
logarithms, the accumulation of the mole sum of
substances, and other operations on arrays. Howev-
er, all attempts to apply multithreading to these code
fragments resulted in an increase in execution time,
not a decrease.

The reason for this effect is the low complexity
of the operations themselves, which are performed
in each iteration of the loop. For example, adding or
taking the logarithm of a single value does not create
enough load to justify the cost of creating, coordinat-
ing, and synchronizing threads. In such circumstanc-
es, the overhead of parallelization exceeds the com-
putational benefit.

This result once again confirms that the effec-
tiveness of multithreading is closely related not only
to the independence of computations, but also to
their volume and "cost" in terms of CPU time.

Thus, further use of parallel computing in the
RunStep2 function is inappropriate, and optimiza-
tion efforts should be directed to other parts of the
algorithm.

Continuing the analysis of bottlenecks based on
the profiling results, the RunStepl function was the
next on the critical path. At first glance, its structure
does not leave room for significant optimization: the
basic logic is reduced to iterative pressure selection
based on the calculation of the total volume of the
gas mixture, and all mathematical operations are
simple and performed in a fixed order.

Information Systems and Technologies 67



ISSN 2221-3805. Electrical and Computer Systems. 2025. Ne 44 (120)

However, a close examination of the calls made
within RunStepl revealed potential for improve-
ment. In particular, the Calc Vm function, which is
responsible for calculating the reduced mole vol-
umes of components, contains several places where
general mathematical functions are used. It was in
this direction that we decided to carry out further
optimization,

In the code for calculating the parameters in the
Peng-Robinson equation, we found several calls to
the pow(x, 0.5) function to find the square root. In
the standard C++ library, this call is generic and less
efficient than the specialized sqrt (x) function. After
replacing all calls to pow (x, 0.5) with sqrt (x) in the
calculate Gas Volume function, we obtained a sig-
nificant improvement in execution time - from
2878000 ps to 2590000 us.

This confirms that even in small mathematical
expressions, the choice of the appropriate function
makes a difference when multiple calls are made in
loops.

As part of a further performance improvement,
we introduced a pre-calculation of all temperature-
dependent coefficients in the calculate Gas Volume
function. This made it possible to avoid repeated
calculations within one iteration and reduce the total
number of calls to multiplication and division opera-
tions.

As a result of this improvement, the average
program execution time was reduced by 20,000 ps.
The gain is small, but in total, together with the pre-
vious optimizations, it creates a significant effect.

By the time these optimizations were complet-
ed, the average program execution time was
2570000 pus, which demonstrates a significant
speedup compared to the initial value (2888000 ps).
The gain of more than 11% was achieved solely
through local changes without modifying the main
algorithm.

In the process of step-by-step code improve-
ment, it was found that the calculate Gas Volume
function responsible for solving the Peng-Robinson
cubic equation contains two additional calls - calcu-
late Coefficients and solve Cubic. Both functions
were implemented in compliance with the principles
of structured programming: separating auxiliary
calculations into sub functions, using structures to
pass parameters and results, etc.

However, in terms of performance, this imple-
mentation was accompanied by excessive costs for
function calls, passing arguments, and processing
complex numbers. Given that this function is called
for each component of the mixture at each iteration,
it was decided to simplify its structure. All the nec-
essary calculations - both determining the coeffi-

cients and finding the physically correct root of the
cubic equation - were transferred directly to the
body of calculate Gas Volume.

In addition, it was realized that the use of com-
plex arithmetic when solving a cubic equation sig-
nificantly complicates the calculations and slows
down the program execution. Given that in the con-
text of a physical problem, we are only interested in
the real and positive root of the equation, processing
complex solutions turned out to be redundant. In-
stead, we implemented a simplified algorithm for
finding real roots, followed by checking for physical
correctness, which not only reduced the load on the
system but also increased the stability and transpar-
ency of the calculations.

This approach helped to avoid intermediate
structures, minimize the cost of function calls, and
reduce the number of objects in memory. According
to the test results, the updated version reduced the
execution time by ~140000 ps.

When analyzing the Calc Vm function, which
calculates gas volumes using the modified Peng-
Robinson equation, the possibility of using multi-
threading was considered. Given that the calculation
of the volume of each gas is independent, it was
theoretically possible to execute the corresponding
calls to the calculate Gas Volume function in paral-
lel.

However, practical testing using Open MP
showed that the total program execution time, on the
contrary, increased by about 480000 us. As in the
cases discussed earlier, we faced the same limita-
tions: individual function calls are too short to bene-
fit from parallelization, and the cost of thread man-
agement outweighs any potential gain. Thus, the
situation with Calc Vm is fully consistent with pre-
vious observations about the inefficiency of multi-
threading for small-scale computing.

The final stage of the study was to test the pos-
sibility of speeding up the calculation of enthalpies
by parallelizing function calls using the #pragma
omp parallel for directive. Despite the formal inde-
pendence of calculations in a cycle of 19 iterations,
the result was negative: the execution time increased
by about one second.

This result fits the previously established trend:
with a small number of iterations and a simple loop
body, the cost of creating and synchronizing threads
exceeds the potential gain. Despite the fact that the
attempt was unsuccessful, it finally confirmed the
limits of the effective use of multithreading within
our task - such possibilities should be considered
only for operations with significant computational
costs or a large number of elements.
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6 Final performance analysis and profiling
interpretation

From the very beginning, the basic version of

the code was executed on average in about 2892000
ps. After implementing a number of algorithmic
improvements, rewriting computational blocks, re-
ducing the number of functions with high complexi-
ty, and avoiding unnecessary calls to system mathe-
matical libraries, we managed to reduce the average
time to 2420000 ps, i.e., a =17% reduction in execu-
tion time compared to the initial state.
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For objective analysis, the summarized results
were profiled (Fig. 3). To interpret this data correct-
ly, let's recall the basic concepts:

- CPU Time is the total amount of CPU time
spent by a function, including all its internal calls.

- Self CPU Time is the part of the time that a
function spends without taking into account calls to
other functions.

- Critical Path - a sequence of function calls that
forms the longest execution chain. It is this path that
should be minimized to achieve speedup.
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Fig. 3 - The result of code profiling after optimization

- The ideal situation is when most of the heavy
computations are concentrated in the native code and
the execution time is distributed evenly, without
pronounced bottlenecks.

At the time of the final profiling, we can see
that:

The main load is concentrated in the RunStep2
function, but its own time is only =5.4%, which in-
dicates active delegation of calculations to nested
functions.

The two most time-consuming operations - in-
vert Matrix<12,12> (=43.5%) and calculate Gas
Volume (=10.6%) - remain the main candidates for
further analysis in case of need for deeper optimiza-
tion.

The ratio of kernel load (=65.6 %) to runtime
load (=34.3 %) indicates an efficient implementation
of low-level computing and moderate use of system
services.

Despite the fact that most attempts to use multi-
threading proved to be ineffective due to the small

number of iterations in the cycles, the low computa-
tional complexity of operations, and the associated
overhead, we managed to significantly improve per-
formance through algorithmic transformations, data
structure redesign, and reduction of redundant com-
putations.

For profiling purposes, a special mode was used
with a 1000-fold repetition of the full simulation,
which allowed us to stabilize the results and reliably
identify critical areas of the computing process. In
this mode, the initial execution time was about
2892000 ps, and after all optimizations were imple-
mented, it was 2420000 ps, which corresponds to
about 17% performance improvement.

However, in the target - conditionally "work-
ing" - mode, where each calculation is performed
only once, the total runtime was reduced from
3.7 ms to 2.4 ms, i.e. by 1.3 ms, which is equivalent
to a 36% performance improvement. This result is
extremely important in the context of large-scale
automated creation of databases of thermochemical
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parameters, where millions of such calculations are
planned to be performed.

7 Conclusions and practical
recommendations

In the course of the study, a comprehensive
analysis of the numerical model of thermochemical
equilibrium combustion was carried out, taking into
account the physical properties of gases and the pa-
rameters of the Peng-Robinson model. Despite the
initial expectations of a significant gain from multi-
threading, the results of experimental profiling and
testing have shown that the main performance im-
provement is achieved precisely through algorithmic
optimizations, elimination of redundant calculations,
rewriting of formulas, local refactoring, and im-
provement of data cache locality.

The overall effectiveness of the optimization is
confirmed by a reduction in the time required to
perform a full calculation from 3.7 ms to 2.4 ms, i.e.,
by more than 36%, which is critical in the context of
mass automated creation of thermodynamic parame-
ter libraries. Some fragments of the algorithm, , de-
spite the apparent independence of the calculations,
proved to be immune to parallelization due to the too
small amount of work in each iteration or the struc-
ture of data access, which contradicts the require-
ments of effective multithreading.

Our results allow us to formulate the following
practical recommendations for developers of such
computing systems:

Optimization should start with profiling. With-
out reliable data on critical code sections, any opti-
mization is only a hypothesis.

Multithreading is only advisable for sufficiently
large amounts of computation, and requires a pre-
liminary analysis of the potential costs of thread
management.

Replacing complex mathematical operations
with equivalent but cheaper ones (for example, sqr
t(x) instead of pow (x, 0.5)) can give a significant
gain.

Eliminating intermediate indexes, unnecessary
wrappers, and logical data reorganization not only
increases performance but also improves code read-
ability and maintainability.

The combined use of local optimizations, struc-
tural changes, and point refactorings can achieve a
tangible effect even in cases where each individual
improvement seems insignificant.

In general, the experience of implementing op-
timization within this model demonstrates that it is
the combination of empirical measurements, gradual
changes, and critical evaluation of the results that
allows achieving a balanced and practically mean-
ingful result.
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Onrumizamiss MogeJi po3paxyHKy TePMOXIMIYHOI piBHOBaru
NMPOAYKTIB 3rOpsiHHA /ISl MO0YyA0BH 0i0J1i0TEK TEPMOTUHAMIYHUX
napaMerpis

Banentun laBunos, Oabra Tapaxriii, ['anna Jlucok
Hayionanvruii ynieepcumem «Odecvka noaimexnikay

AHoTamnis. Y poOOTi peAcTaBIeHO ACTAIBHUNA aHaJli3 alTOPUTMY PO3PaxyHKy TEpMOXiMiUHOI piBHOBa-
T'Yl TIPOJYKTIiB 3ropsIHHS MallMBa B 130Jb0BaHii cucTemi. PO3rIsIHYyTO MOCHIOBHICTD €TamiB YHCEIBHOTO MO-
JENTIOBaHHSA, CTPYKTYPY HpOTrpaMHOI peaizaiii Ta mpoBeeHo IpoQiTIOBaHHS 3 METOI0 BHABIEHHS KPUTHY-
HUX JUISTHOK Koxy. Ha ocHOBI oTpuMaHUX pe3yNbTaTiB 3[IHCHEHO MMOETAIHY ONTUMI3allif0, BKIFOYAI0YH MO-
nudikamilo YUCETHHUX METOJIIB, PEOpraHizallilo CTPYKTYpU JaHUX, 3MEHIICHHS 00CsIry 00YMCIIeHb Ta CIIpo-
Ou BUKOpHCTaHHs OararonorouHocTi. [loka3zaHo, 10 CyTTEBHI MPHUPICT MPOAYKTUBHOCTI JOCATHYTO TeEpe-
B2)KHO 32 PaXyHOK aJITOPUTMIYHUX PillleHb. YCi €KCIIEPUMEHTH BUKOHAHO JJISl CIieHapil0 0araTopa3zoBOro
MOBTOPEHHS PO3PaxyHKiB, THTIOBOMY JUISI 3a/1a4 oOy10BH 0a3 JaHUX PIBHOBAXKHUX MapaMmeTpiB. 3a micyMm-
KaMH ONTHMI3allii Yac BUKOHAHHS MPOrpaMu 3MeHIeHo Ha moHan 40 %, mo minTBep/pkye e(eKTUBHICTh
peai3oBaHuX PillleHb JJIsI MACOBOTO YHCEIHHOTO MOJICITIOBAHHSI.

KarouoBi cioBa: TepMoxiMidHa piBHOBara, 3ropsiHHS MajiiBa, YHCEIbHE MOJICIIOBAHHSA, ONMTHMi3allis
MPOAYKTUBHOCTI, MPOMLTIOBAHHS KOy, alTOPUTMIYHI BJJOCKOHAIEHHS, 0araTonOTOYHICTb.
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