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Abstract—Meta-heuristic algorithms are often inspired by nat-
ural phenomena, including the evolution of species in Darwinian
natural selection theory, ant behaviors in biology, flock behav-
iors of some birds, and annealing in metallurgy. Due to their
great potential in solving difficult optimization problems, meta-
heuristic algorithms have found their way into automobile
engine design. There are different optimization problems aris-
ing in different areas of car engine management including
calibration, control system, fault diagnosis, and modeling. In
this paper we review the state-of-the-art applications of differ-
ent meta-heuristic algorithms in engine management systems.
The review covers a wide range of research, including the
application of meta-heuristic algorithms in engine calibration,
optimizing engine control systems, engine fault diagnosis, and
optimizing different parts of engines and modeling. The meta-
heuristic algorithms reviewed in this paper include evolution-
ary algorithms, evolution strategy, evolutionary programming,
genetic programming, differential evolution, estimation of dis-
tribution algorithm, ant colony optimization, particle swarm
optimization, memetic algorithms, and artificial immune system.

Index Terms—Control system, engine calibration, engine man-
agement systems, evolutionary algorithms (EAs), fault diagnosis,
memetic algorithms, meta-heuristic algorithms, multiobjective
optimization.

I. INTRODUCTION

MANY real-world problems can be formulated as opti-
mization problems and many of them belong to the

class of NP-hard problems [1], implying that no efficient
algorithms exist to find their exact global optima. This
has therefore encouraged the researchers to develop new
sets of algorithms including meta-heuristic algorithms, which
are often inspired by nature. Among these are evolutionary
algorithms (EAs) that emulate the idea of the survival of
the fittest mechanism in Darwinian theory of evolution. The
advantage of these algorithms is that they require little prior
mathematical information about the problems they are to solve.

Many population-based optimization algorithms [2]–[5]
have emerged within the past few decades and have found their
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way into solving many optimization problems. One advan-
tage of population-based optimization algorithms is the global
search ability of the algorithms as the population consists
of a number of individuals who are in cooperation with
others search the solution space and share their knowledge
about the problem [6], [7]. These optimization algorithms, also
known as meta-heuristic algorithms, can be categorized into
two main groups, the EAs including genetic algorithms [8],
evolution strategy [9], evolutionary programming [10], genetic
programming [11], [12], differential evolution [13], [14], esti-
mation of distribution algorithm (EDA) [15], and swarm
intelligence algorithms including ant colony optimization [16],
particle swarm optimization (PSO) [17], bees algorithms [18],
and bacterial foraging optimization [19]. Population-based
algorithms also include memetic and cultural algorithms [20],
harmony search [21], artificial immune systems [22], and
learnable evolution model [23]. Since proposed, these algo-
rithms have been successfully adopted to solve many different
problems in different areas from engineering to ecology to the
social sciences [24]–[27]. Due to their great performance and
applicability, meta-heuristic algorithms have been applied in
many aspects of engine management systems. In this paper,
we review the application of these algorithms in car engine
management systems. The aim of this paper is to broadly cover
applications such that a global view toward the state-of-the-
art on this topic can be obtained. The review also enables us
to identify potential gaps in the literature and relevant future
research directions.

Many optimization problems arise when designing auto-
mobile engines [28]–[32]. Most of them involve multiple
conflicting objectives. The goal in these kind of problems is
no longer to find a single best solution, but rather a set of
solutions representing the best trade-off among the objectives.
In this respect, the goal in these problems is to identify a set
of efficient (Pareto-optimal) solutions.

One of the most important stages in engine design is engine
calibration [33]–[40], which is the adjustment or modifica-
tion of an internal combustion engine or its control unit with
the goal of achieving the optimal performance in terms of
engine power, fuel economy, emissions, and durability. In other
words, the problem is a multiobjective one with sometimes
contradictory objectives. The calibration is performed on dif-
ferent parts of the engines including air intake, ignition timing,
and valve timing.

The engine control unit is an important part in an engine that
controls a series of actuators with the goal of reaching the best
performance. The control system reads values from a set of
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sensors and, by interpreting the data using multidimensional
performance maps, manages the engine actuators. There are
a number of control systems in an engine, including air-to-
fuel-ratio control, idle speed control, start-up engine control,
charge control, engine speed control, and fuel injection control.
Optimizing the engine control systems is an important task in
designing car engines.

Engine fault diagnosis [41]–[45] is the act of finding faults
arising in different parts of an engine. To find the faults in
engines, some data about the engine condition are gathered and
then processed to find the possible causes. Different methods
are used to collect the data, including vibration monitoring,
thermal imaging, and oil particle analysis. Then different
algorithms are utilized to process these data, which include
wavelet transform, wavelet analysis, Winger–Ville distribution,
cepstrum, bi-spectrum, correlation methods, spectral analysis,
and short-term Fourier transform. Many optimization prob-
lems occur in fault diagnosis of engine systems and a lot of
research employs meta-heuristic algorithms when dealing with
these problems.

Another area of research in engine design is modeling dif-
ferent parts of the engines [46]–[53]. Modeling is performed
for different reasons. One example is the design and opti-
mization of a controller system. Designing a controller by
using the real engine in the design process is an expensive
and time-consuming task. Thus, many researchers first build a
model of the engine and then design, test, and optimize their
controller on this model. One other application of the mod-
els is for prediction, where the model of the engine is built
and used to predict different behaviors of the engine in dif-
ferent environments. Optimizing different parts of an engine
is yet another use of models, as optimizing the real engine
directly is usually a time-consuming task, and it is easier to
build a model and then optimize the parameters based on the
engine model. Because of these wide ranges of applications
of engine models, designing the best models is important and
has been the focus of a lot of research.

The rest of this paper is organized as follows. Section II
describes applications of meta-heuristic algorithms in engine
calibration. Section III reviews the algorithms in optimizing
the control systems of engines. Applications of meta-heuristic
algorithms in engine fault diagnosis are covered in Section IV.
Meta-heuristic algorithms in optimizing different parts of
engines are discussed in Section V. Section VI surveys the
current work in engine modeling, and finally Section VII
concludes this paper. Table I shows the structure of this paper.

II. ENGINE CALIBRATION

The strict conditions imposed on the production of car
engines, like the CO2 emission and fuel consumption, has
made the calibration of engine control system more and more
important. At the same time, because of the increasing com-
plexity of the calibration task and the huge measurement
efforts, traditional calibration methods begin to fail. Many car
engine companies are investing in new methods of engine
calibration [54]. In this section, we review the literature
employing metaheuristic optimization approaches in engine
calibration.

A. Control Unit Calibration

In engine calibration, the optimization cycle is decomposed
into a set of stationary operation points of the engine based on
its speed and torque. Then for each of these operating points
the best parameters are found. The functions defining these
parameters on the whole engine operating points are called the
engine maps. Choosing the smoothest map from a given family
of maps in engine control unit calibration is an optimization
problem that belongs to the class of NP-hard problems [55].
The characteristic of this problem makes it appropriate for
local search heuristics and other meta-heuristic algorithms. In
the first major study in this area a memetic algorithm, which
combines a genetic algorithm and local search was adopted
in [55] to solve the problem.

Apart from using local search, the operators of genetic
algorithms, like crossover, can also be manipulated to
improve the performance of the algorithm. For example,
in [56] and [57], it was shown that three process steps in
engine calibration could be regarded as optimization prob-
lems that would benefit from genetic algorithms. The first
step is the D-optimal experimental design, which is optimized
with a local search algorithm and an appropriate crossover
operator. The second step is the optimal test bed schedul-
ing which can be seen as a traveling salesman problem and
was solved by a hybrid genetic algorithm with 2-opt heuristic
local search. And finally, the third problem is the look-up table
which was optimized through a genetic algorithm. This method
was successfully applied to a BMW engine in Munich [56].
Combining global and local optimization, a new hybrid algo-
rithm called Multistoch was proposed for engine calibration
in [54]. In this method, a fixed number of starting points,
called grid, are generated for a local optimization procedure,
and using a Gibbs measure, a point in the grid is selected.
This selected point is then used to generate a new candidate
point according to its fitness and modify the grid.

The other way of improving the performance of the algo-
rithm is to benefit from statistical properties of the solutions.
The optimization of the engine control unit mapping was tar-
geted in [58], where a model of an integrated engine vehicle
was developed. Then a distance-based Pareto genetic algo-
rithm and a nondominated sorting genetic algorithm (NSGA),
together with an entropy-based multiobjective EA (MOEA),
were proposed and implemented on the engine model to opti-
mize the engine with the objectives of reducing emission and
fuel consumption. The results demonstrated the superiority of
this method over the manual mapping methods. In [59], a com-
bination of a genetic algorithm and an evolution strategy was
used for the automatic calibration of a virtual engine of a
BMW engine.

Combining different algorithms is a way of taking advan-
tage of both the algorithms. One effort in this area is to take
advantage of different multiobjective evolutionary optimiza-
tion algorithms. A combined scheme was proposed in [60],
which dealt with the difficulties in finding the optimal solution
set during the engine calibration process. The method used a
real-coded representation in the genetic algorithm and an eli-
tist strategy was applied to each MOEA. The algorithms were
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TABLE I
STRUCTURE OF THIS PAPER

applied to a calibration problem with the goal of minimizing
the brake specific fuel consumption (BSFC) and to maxi-
mize the output power torque simultaneously. Wu et al. [60]
reported a good performance for their proposed method.

Some researchers combine two different optimization
algorithms, so the weaknesses of one algorithm is covered
by the advantages of the other one. In traditional engine com-
pensation map calibration, the parameters are normally set by
trial and error as it is almost impossible to derive the exact
mathematical model of the system. A new multiinput/output
least-squares support vector committee machine was proposed
by Wong et al. [61] to construct the engine compensa-
tion control system models on some experimental data. The

authors employed a nonlinear regression algorithm to reduce
the dimension of the parameters of the engine control sys-
tem before the modeling stage. Then genetic algorithms and
PSO algorithms were applied to parameter optimization to
determine the optimal calibration maps.

One important problem in calibration is the parameter esti-
mation for the model of the intake system of engine. The
problem is multiobjective, which was tackled in [62] by a
new combination of a genetic algorithm and an evolution
strategy. The hybrid algorithm combines the covariance matrix
adaptation of the mutation with the S-metric selection for
the multicriteria fitness assignment of the individuals. The
S-metric selection is a time-consuming process, specially when
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the problem has many objectives. However, the engine cali-
bration problem is even more time consuming, which may
take months or even years. In engine calibration, it is usu-
ally gathering the data from the real engine that is the most
time consuming and financially expensive task, so employing
S-metric might not significantly affect the total development
time. The algorithm also uses a number of sub-populations and
an intelligent DoE-strategy for the population initialization.

In Atkinson cycle engines, optimizing the fuel economy
for part load is more important in reducing the total fuel
consumption. In such engines, the intake valve closure timing,
electrically throttling control, exhaust valve opening timing,
spark angle, and air-to-fuel ratio affect the fuel economy. In
order to optimize the fuel efficiency of an Atkinson cycle
engine, in [63], some experimental data taken from vari-
ous speed-load points covering the entire operating range
were used to generate a neural model of the engine. Then a
genetic algorithm was used to find the best parameters offer-
ing the most efficient fuel consumption. The experimental
results demonstrated a greatly improved fuel economy across
the operating range.

In engine calibration, not only the performance and emis-
sion under the current state have to be taken into account, but
also maintaining the performance under various operating con-
ditions is a matter of importance. Considering this, an adaptive
self-learning control method was proposed in [64] and [65],
which was based on heuristic dynamic programming. This
paper used data from a test vehicle with a V8 engine to train
a neural network controller which was used for controlling
engine torque and exhaust air-to-fuel ratio.

B. Air-Intake Calibration

The air intake system of an engine controls the air fluid
flown in the cylinder of an engine. It thus has an important
role in the fuel efficiency of an engine and needs care-
ful calibration. The calibration of the air-intake system of a
turbocharged engine was addressed in [66], where using exper-
imental data from an engine, a model of the air-intake system
was made. Then a MOEA was employed to find the best
valve timing to optimize the fuel consumption rate, emission,
and torque of the engine. The calibrations were done over all
the operation points and the results of the model-in-the-loop
showed that the in-cylinder air mass estimations were in good
agreement with the engine simulator under different transient
operations. In [67], the ignition timing optimization of a bi-fuel
spark ignition (SI) engine was targeted, where an artificial neu-
ral network was used to model the system. Then a constrained
PSO was employed to optimize the ignition timing with the
objective of optimizing the performance with the constraint of
CO and NOx emissions.

C. Ignition Timing

One of the most important tasks in calibration of an
engine is the ignition timing which affects the fuel effi-
ciency and emissions. A genetic algorithm was employed
in [68] to optimize the injection timer of a gasoline engine.
Multiobjective optimization of ignition timing of an engine

using alternative fuels, CNG, and gasoline, was studied in [69].
A MOEA with the objectives of maximizing torque and mini-
mizing exhaust gas was developed, which improved the NOx,
HC, and CO emissions while the torque loss was less than 5%.

D. Valve Timing

Valve timing is another optimization task that affects the
performance of engines. In order to optimize valve timing of
an engine, a PSO algorithm was employed in [70], where a
thermodynamics simulation of the engine was used to evalu-
ate the fitness of the particles. The algorithm optimized the
major valve timing events, with the constraint of knock limit
and maximum valve lift of 10 mm, where the objectives are
the power output and the thermal efficiency. Traditionally,
valve timing has been optimized to improve the torque and
power curve, and reduce the fuel consumption and emissions.
Variable valve timing is a new way of optimizing the per-
formance. In [71], a neural network system was developed
to model the effects of intake valve-timing, engine speed,
torque, and fuel consumption of a gasoline engine. Then a
MOEA was employed to optimize the variable valve timing.
In [72] and [73], the optimization of a CAMPRO 1.6L engine
valve timing at various engine speeds was performed, where a
MOEA was employed with the objective of reducing emission
and fuel consumption.

E. Diesel Engines

Engine calibration is also an important step in designing
diesel engines. Similar to calibration in gasoline engines, the
optimization cycle in diesel engines is described by engine
maps. The difficulties associated with the engine map design
and engine calibration were described in [74] and [75] and a
MOEA was proposed. The authors applied their method to a
real data set obtained from a diesel engine in their automated
test-bench.

The calibration of a diesel engine was addressed in [76]
where the parameters of an engine were tuned to optimize the
emission and fuel efficiency. In order to optimize the engine,
a neural network model of the engine was developed over a
wide range of the engine operations. Then using the model,
the parameters of the engines are optimized using a MOEA.

To calibrate a diesel engine, a global emulator-based
Kriging model of the engine was used by Brahmi et al. [77] to
predict the engine response, and then a genetic algorithm was
adopted to give the best setting of parameters and optimize
the fuel consumption within constraints of the NOx emission.
The authors believed that the main advantage of their method
was its capacity to take into account a considerable number
of controllable parameters without sacrificing the accuracy of
the model prediction.

In order to reduce the complexity of the objectives in the
calibration process, a new method was proposed in [78], which
identifies and exploits local harmony between the objectives to
reduce the number of objectives. In this method, a systematic
process was designed to cluster the Pareto-optimal front and
apply a rule-based principal component analysis for objective



TAYARANI-N. et al.: META-HEURISTIC ALGORITHMS IN CAR ENGINE DESIGN: A LITERATURE SURVEY 613

reduction. They applied this method to a diesel engine calibra-
tion optimization problem with six objectives and resulted in
three- and four-objective sub-problems. Applying this method,
a significant improvement was reported in one of the retained
objectives at very little cost to the others.

F. Hydrogen-Fueled Engines

In hydrogen-fueled engines, analyzing and resolving the
contradiction of abnormal combustion and improving the
engine power are very important in promoting the engine’s
performance. An optimal model of hydrogen-fueled engine
under the whole operating conditions of a hydrogen-fueled
engine was developed in [79], which is a combination of non-
linear programming and optimal evolutionary calibration. In
the proposed method, the calibration process could be adjusted
dynamically to match with the working condition of an engine;
thus, it not only simplified the calibration process, but also
improved the calibration speed.

III. CONTROL

A growing number of conflicting requirements on vehi-
cle engines, like fuel consumption, emission, and engine
performance, constantly increase the complexity of control
and regulation tasks in engine control unit design. This vast
complexity makes the conventional optimization approaches
inapplicable and thus new sets of methods are required to solve
these problems. Meta-heuristic algorithms have been used
in solving optimization problems of engine control systems.
Different algorithms were applied to different problems in the
control unit design. In this section, we review such research.

In designing engine controller systems, the optimization
methods must cope with uncertainties in the objective func-
tion and a limited number of fitness evaluations. To reduce
the number of fitness evaluations in optimizing an engine
control system, a new genetic algorithm was proposed by
Sano et al. [80], which utilizes the history of search. In this
method, the value of fitness function at a novel search point
was estimated by the sampled fitness value at the point and by
utilizing the fitness values of individuals stored in the history
of search. The authors applied their method to an engine sim-
ulator and showed that their proposed method outperformed
conventional genetic algorithms. Optimizing the control sys-
tem of a particular engine model at a fixed working point via
genetic algorithms was performed by Sun et al. [81], where
different genetic algorithms were employed and compared in
solving the problem. The authors tested their algorithm on a
real engine.

A. Air-to-Fuel Ratio Control

Air-to-fuel ratio affects the power, torque, speed, emission,
and catalytic efficiencies in engines. Thermal efficiency leads
to low fuel consumption, while a high catalytic efficiency
results in a low exhaust emission [82]. Although the cat-
alyzers provide a good treatment for the exhaust gases, there
still exists a need toward high performance air-to-fuel ratio
controllers.

In order to improve the performance and reduce emissions
of a 5.3L V8 engine, a novel heuristic dynamic program-
ming algorithm was proposed in [83], which estimates cost
function derivatives to design a more informed dynamic opti-
mization algorithm. A neural network was employed in the
research to estimate the derivative of the cost function. Their
goal was to track the commanded torque and to regulate the
air-to-fuel ratio at specified set points. As the oxygen sen-
sor of gasoline engines was installed into the vent-pipe, there
was a delay in the air-to-fuel ratio signal when reaching the
control system. To overcome this, using an adaptive extended
PSO a new air-to-fuel ratio predictive control method was
proposed in [84]. To improve the global convergence of the
algorithm, a multiparticle strategy and an adaptive control of
the algorithm’s parameters were used. Using data acquired
from a HQ495 gasoline engine, the algorithm was tested on a
simulation of the engine and the results suggested an improved
performance when using the predictive control system.

B. Idle Speed Control

Idle speed control of engines is to stabilize the engine speed
at a desirable level. The aim is to prevent the crankshaft from
oscillating, as it results in vibrations of the components of the
vehicle body. A number of researchers have employed meta-
heuristic algorithms in idle speed control of car engines. In
one of the first attempts in this regard [85], a fuzzy control
was proposed for the problem. They then used the covariance
matrix adaptation evolution strategy to optimize the model and
the controller parameters. In [86], to control the idle speed of
a SI engine, a directly identified nonlinear inverse of a sta-
ble system was proposed. The stable identification method
was implemented by prediction error minimization using a
genetic algorithm for which the model simulation was used
to evaluate an root mean square (RMS) error performance
function.

Most research in idle speed control has been to control the
long-term averages of engine speed, but short-term fluctua-
tions of engines stemming from the torque differences among
cylinders has been neglected by many researchers. One of the
first research targeting this issue was [87], in which two intelli-
gent control systems were introduced. The intelligent systems
were an evolutionary controller based on genetic algorithms
and a stochastic controller based on the Alopex algorithm.
The Alopex algorithm is a stochastic parallel algorithm which
was originally suggested in [88] for visual receptive field
mapping. In this method, first by observing the engine cycle of
crankshaft angular speed, the torque differences among the
cylinders was estimated. Then the uniformity level over the
engine speed was feedback into the control system and the SI
timing was manipulated to suppress any unbalanced combus-
tions among the cylinders. The authors tested their system on
a simulation of a nonlinear engine model and reported good
performance.

The proportional integral derivative (PID) controllers are
widely used in many fields and a number of methods to tune
the parameters of the controllers have been proposed. One of
these methods was proposed in [89] and [90], where a modi-
fied back propagate network by PSO was combined with a PID
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controller. The experimental results showed the superiority of
their proposed method over traditional controllers.

C. Start-Up Engine Control

Engine start-up control is another control problem in car
engine design. One example of applications of meta-heuristic
algorithms in this area was [91] and [92], in which a feedfor-
ward controller was proposed for engine start-up and a PSO
algorithm was used to optimize the input parameters of the
controller.

D. Real-Time Control Optimization

Since the optimization algorithms used in engineering con-
trol units are often based on computationally expensive set
of model equations, it is usually impossible to use real-time
optimization in real-world applications. A new real-time opti-
mization method was developed in [93], where the model
equations of an engine control unit were replaced by a reduced
model based on higher order singular value decomposi-
tion (HOSVD). The work does not propose a new optimization
algorithm, but presents a method to improve the real-time per-
formance of existing methods. When optimization requires
the computation of a large number of states of the system,
the proposed method computes the states of the system using
HOSVD and describes the multidimensional properties of the
physical system with faster equations, making it possible for
real-time applications. A genetic algorithm was employed
to optimize the working parameters of a SI reciprocating
engine. Their goal was to find some engine control param-
eters that yield the expected engine power while minimizing
the specific fuel consumption and avoiding knock combustion
instability. The authors believed that their method was resilient
enough to replace the genetic algorithm by any other optimiza-
tion algorithm and it could be applied to other engineering
systems.

E. Charge Control

The challenging feature of charge control in spark-
ignition engine makes the problem very hard for many
control algorithms. The charge control of a spark-ignition
engine was addressed in [94], where by using a hybrid
evolutionary-algebraic search algorithm that combines linear
matrix inequalities (LMI) techniques based on K-S itera-
tion with evolutionary search, a PID controller was proposed
for the problem. The controller was applied to standard
electronic control unit of a test car and showed promising
results.

F. Engine Speed Control

Engine speed control is a nonlinear problem and it is often
difficult to achieve the desired effect when using the conven-
tional PID controllers. To control the speed of an engine,
a neural PID controller was proposed in [95], and then a
genetic algorithm was adopted to optimize the parameters of
the controller. Improved engine performance was reported.

G. Fuel Injection Control

Having replaced the carburettor fuel injection has become
the primary fuel delivery system in car engines. The fuel injec-
tion control was studied in [96], where the objective was to
improve performance and reduce emissions. In this research,
first a neural network model of the engine is designed, and
the initial controller is trained using the model. The controller
was then optimized using action-dependent heuristic dynamic
programming.

H. Control in Nongasoline Engines

1) Controlling Diesel Engines: Diesel engine control
parameters were optimized in [97], where a modified mul-
tiobjective PSO and a crossover approach were adopted. The
authors addressed the optimization of the BSFC, exhaust gas
emission, and soot. An engine speed control system of a diesel
engine was developed in [98], where a fuzzy neural network
system was used for the controller and a genetic algorithm
was used to optimize the controller. In [99], the advance
angle of injection, the opening angle of intake valve and the
opening angle of exhaust valve of a diesel engine were calcu-
lated to get the virtual test sample of the engine. They then
employed a genetic algorithm to optimize three parameters
aiming to improve the economic efficiency under the con-
straint of the maximum pressure in cylinder and the exhaust
temperature [99].

2) Controlling Hybrid Electric Engines: Hybrid electric
engines benefit both from an internal combustion engine and
an electric engine. If electric power is available the vehi-
cle uses the electricity, and when it is not the petrol fuel is
used. One important elements in improving the performance of
hybrid electric vehicles is the careful selection of the control
strategy parameters of the engine, which influences the fuel
economy and emissions. To optimize the control parameters
of a hybrid electric engine, a PSO algorithm was used in [100].
Management of the energetic flows in a hybrid vehicle is also
a matter of importance. In order to maximize the use of the
electric engine of a Toyota Prius engine while minimizing the
use of the internal combustion one, increase the driving plea-
sure, and reduce emissions and noise, a genetic algorithm was
employed in [101], which finds the optimal parameters of the
control system of the engine.

Maintaining a stably generated electrical output in a hybrid
vehicle generator set is a crucial task. The generator set con-
sists of a three-phase ac generator, the output of which is
rectified to dc. The system time delay makes the control inte-
gration of the engine/generator combination more complex and
is usually solved by model predictive design methods. The pre-
dictive methods add computational complexity to the system
and rely on accurate system and delay models. To overcome
this delay problem, genetic programming was used to design
a controller [102], which does not rely on the computation-
ally expensive structures and yet encompasses the disturbance
rejection properties.

Another type of electric vehicles are the plug-in hybrid elec-
tric vehicle which differs from hybrid electric vehicles in that
they can use off-board electricity generation to recharge their
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energy storage systems. In order to optimize the control param-
eters in plug-in hybrid electric vehicles, a PSO algorithm was
used in [103], where the fitness function was defined so as
to maximize the vehicle engine fuel economy. In this method,
the driving performance requirements were considered as con-
straints. The method was tested via computer simulations and
experimental results showed improvements in fuel economy.

3) Controlling Hydrogen-Fueled Engines: Hydrogen-
fueled engines have great advantages over other combustion
engines; so it is expected to be widely used in future engines.
However, due to the unique physical and chemical character-
istics of the fuel, it often leads to abnormal combustion and
decay of power unless the control parameters are carefully set.
Meta-heuristic algorithms have often been used in controlling
hydrogen-fueled engines. In [4], an optimization control
model was proposed for a hydrogen-fueled engine which
employed a MOEA to optimize the relationship between
power, economy, emission, and operating parameters of the
engine. In [104], after analyzing the mechanism of preignition
and backfire of hydrogen-fueled engines, a multivariable,
multiobjective, and multiconstraint genetic algorithm was
proposed to optimize the control parameters of the engine.
Through their experimental analysis, the authors showed
that the method was capable of resolving the contradictions
between restricting the abnormal combustion and improving
hydrogen-fueled engine’s power output. In [105], in order
to manage the abnormal combustion and performance index
of hydrogen-fueled engines, a theoretical analysis on the
engines was provided to find the optimal control parameters.
Using nonlinear programming and a MOEA, a control model
was then designed and the optimal value of the operating
parameters were found.

4) Controlling Natural Gas/Hydrogen Engines: In order
to optimize the control parameters of a natural gas and
hydrogen-fueled engine, a flexible model of the engine was
developed, and then a genetic algorithm was used to optimize
the model [106]. Finally, a multiobjective optimization genetic
algorithm is used to optimize the engine with the objective of
reducing the CH4, CO, NOx, and BSFC.

IV. FAULT DIAGNOSIS

The automobile engine faults was responsible for around
40% of all the car malfunctions [107]. Many intelligent algo-
rithms have been developed for the problem and many of them
employ evolutionary computation approaches. In this section,
we review the papers that use meta-heuristic optimization
approaches in engine fault diagnosis.

A. Engine Fault Diagnosis

A fault diagnosis method was proposed in [108], which
used the wavelet transform to decompose the engine signal
and then feed the decomposed components to a neural net-
work. A genetic algorithm was then used to optimize the
parameters of the neural network. The fault diagnosis prob-
lem of the vibration parameter is addressed in [107], where
an adaptive neural network-based fuzzy inference system was
developed. A hybrid gradient descent genetic algorithm was

used to speed up the learning process. The experimental results
provided in this paper showed that the method outperformed
other neural networks in stability, recognition rate, and fitting
capability. To reduce the number of inputs to an engine model,
in [109] and [110], a parallel PSO algorithm was adopted to
the selection of a feature subset. A uniform mutation operator
was used in the optimization algorithm to balance the particles
search ability. Using this method, they showed that the fault
recognition system could reach 98.72% accuracy [109], [110].

B. Crankshaft Fault Diagnosis

A bending deformation of the shaft results in a great deal of
stress on the joint point of the carrier and planetary gear shaft
and thus affecting the engine performance. To diagnose the
faults associated with the crankshaft of an automobile engine,
a combination of a probability causal model and a genetic
algorithm was proposed in [111], which could quickly and
accurately diagnose engine failures.

C. Misfire Diagnosis

The engine misfire is a common fault in engines, which
results in air pollution and low fuel efficiency. Therefore, much
research was performed in this area to diagnose the problem.
In [112], an intelligent algorithm was proposed for misfire
diagnosis in engines, where support vector machine (SVM)
was used to extract the volume fractions of the engine emis-
sion. They then employed a genetic algorithm to optimize the
parameters of the SVM.

D. Oil Fault Diagnosis

The oil fault diagnosis of an engine was investigated
in [109], where an adaptive neural network-based fuzzy infer-
ence system was employed and a hybrid gradient descent
genetic algorithm used to optimize the parameters of the neu-
ral network and speed up the learning process. The authors
reported good results, where the fault detection accuracy was
98.99%.

E. Fault Diagnosis in Diesel Engines

In order to diagnose the faults in a diesel engine, a radial
basis function (RBF) network was used in [113]. Then based
on a clonal selection algorithm, a dynamic clustering algo-
rithm was adopted to specify the initial positions of the RBF
centers and an immune EA was employed to train the net-
work. In [114], the vibration signals from a diesel engine were
collected and then wavelet packets analysis coefficients of
vibration signals were used to evaluate their Shannon entropy.
These coefficients were then used as features to diagnose
the faults of the engine. The data were then fed to a back-
propagation neural network, and a hybrid PSO algorithm with
a differential operator were adopted to adjust the weights of
the network. In a similar approach [107], the cylinder vibra-
tion signal of a diesel engine was extracted and transformed
into the wavelet coefficients. Then a back propagation genetic
algorithm neural network method was employed to diagnose
the faults in the engine.
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1) Valve Fault Diagnosis: In engine fault diagnosis sys-
tems, the features extracted from one type of faulty signals
usually overlap with the ones collected from other faulty
signals. This makes the problem of diagnosing the faults
complicated. Thus, effectively finding the most discrimina-
tive features and the adoption of a powerful diagnosis strategy
are two important ingredients of a good diagnosis algorithm.
Considering these two aspects, in order to develop a diagnosis
algorithm for valve fault diagnosis of a diesel engine, a genetic
algorithm was proposed in [115] to find the best features,
and then the Kernel principal component analysis technique
was used for the diagnosis purpose. The algorithm was tested
on the sixth exhaust valve of a 6135-type diesel engine, and
the results showed effective performance. In a rather similar
work, in order to diagnose the faults in a diesel engine, an ant
colony algorithm was adopted in [116] to simplify the attribute
parameters reflecting the operating conditions of the diesel
engine, and then a RBF neural network was used to diagnose
the faults. In [117], genetic programming was employed to
diagnose the faults of the valves of a six cylinder/four stroke
cycle diesel engine in three different valve states: the nor-
mal condition, valve-tapped clearance, and gas leakage faults.
The authors applied a power-weight coefficient to each fea-
ture to construct the diagnostic tree more intelligently. They
designed 22 mathematical functions and eight signal features
to construct the diagnostic model. Additionally, they employed
different evolution strategies for selecting the functions and
features.

2) Piston Pin Fault Diagnosis: In order to diagnose
the fault feature extraction of piston-pin of a diesel engine,
a genetic neural network was employed in [118]. As the fea-
tures of nonstationary vibration signals cannot easily be
extracted, the bispectrum analysis technique was studied in
this research, where the bispectral characteristics frequency
faces are searched along the parallel to the diagonal line at
certain steps in the bispectral modulus field. Then the mean
magnitude was calculated to obtain the feature parameters.

3) Fault Diagnosis of Fuel Systems: The fault diagnosis
of the fuel system in a diesel engine was addressed in [119],
where using a bootstrap, the data acquired from a running
engine were preprocessed. Then a genetic programming algo-
rithm was developed which finds an efficient tree-like structure
of a group of initial candidate features. The proposed algo-
rithm in this paper found the best compound feature and
showed promising results.

F. Monitoring

The importance of many internal combustion engines
whose work condition affects the performance of a car, makes
the monitoring of the engines an effective way to prevent the
costly faults. As the vibration signals from a diesel engine
reflect the condition of the engine, they can be used by pattern
recognition algorithms to monitor engine conditions. In [120],
the vibration signals from a diesel engine were captured and
the characteristic features of the signals were extracted in the
amplitude, time, and frequency domains to form the features.
Then, a genetic algorithm was employed to find effective

features which were more representative of different condi-
tions of the engine and to reduce the feature space dimension.
The authors used self-organization feature mapping as the pat-
tern classifier. In [121], genetic algorithms were employed
in an engine configuration monitoring task, where visualiza-
tion of parameter sets for PID controllers, data clustering, and
detection of outliers were used. The method was tested by
statistically generating parameters for PID through a genetic
algorithm. To design the fitness function, an ideal reference
signal was considered, then the difference between the output
signal and the ideal signal was set to be the error. Another
example of the applications of meta-heuristic algorithms in
condition monitoring of an engine is presented in [122],
where a boundary optimization gradient genetic algorithm was
employed.

Fault diagnosis is an important problem that arises in many
aspects of any type of car engines. Due to its complexity,
many different techniques including neural networks, SVMs,
and fuzzy systems have been developed. To optimize these
methods, different meta-heuristic optimization techniques have
been employed that were covered in this section.

V. OPTIMIZATION IN OTHER AREAS

A. Emission and Fuel Consumption

In this section, we review meta-heuristic algorithms for
emission minimization. The section is organized around the
engine type.

1) Emission in Gasoline Engines: Undesired generation of
radiated or conducted energy in electrical systems is called
electromagnetic interference (EMI). A new meta-heuristic
algorithm for optimizing the emissions of an automobile SI
engine was proposed in [123]. The method used EMI simu-
lation models and a micro-genetic algorithm to optimize the
parameters and variables of an engine. Experimental results
showed that the performance of the micro genetic algorithm
was superior to that of other optimization algorithms.

2) Emission and Fuel Consumption in Diesel Engines:
Using the phenomenological model of a diesel engine and
a multiobjective optimization problem, the specific fuel con-
sumption, NOx, and soot of the engine was optimized in [124].
The aim was to design the shape of injection rate. They
performed simulations and showed the capability of the
genetic algorithm in finding good results. They then extended
their optimization algorithm in [125], where a MOEA called
SPEA2+ was used for optimizing the emission and fuel econ-
omy of the engine. A genetic algorithm was employed in [126]
to reduce the emission and fuel consumption of a diesel
engine. The engine control parameters were boost pressure,
exhaust gas recirculation, start of injection, and injection rate
shape. In order to optimize the control map of hydrocarbon
addition to diesel exhaust gas for HC type selective catalytic
reduction (SCR) DENOx, a numerical model and a new opti-
mization technique were adopted in [127]. The numerical
model presented in this paper predicted the performance of
HCDeNOx with diesel fuel as a supplemental reductant and
an evolutionary programming algorithm optimizes the control
map of HC. Through experiments, they showed that the NOx
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conversion with the optimized control map was found to be
21% greater than that of the conventional control. In order
to reduce the emission levels of a diesel engine, a MOEA is
employed in [128], to optimize the combustion chamber profile
of the engine. The authors performed the numerical simula-
tions with a modified version of the KIVA3V code to evaluate
the fitness values of the solutions. In [129] and [130], in order
to reduce the exhaust emission of a diesel engine, the geom-
etry of a diesel engine combustion chamber was optimized
by a combination of genetic algorithms and PSO algorithms.
A large database of stationary engine tests covering a wide
range of experimental conditions of a diesel engine were used
in [131] to model the engine. An artificial neural network was
used, where the engine operating parameters were fed to the
network as inputs and the outputs were the resulting emission
levels and fuel consumption. The neural network was then used
for fitness evaluation purpose and a genetic algorithm was used
to optimize the emissions and fuel consumption of the engine.
In [132], optimizing the performance of a diesel engine was
investigated with the objective of optimizing NOx emission,
soot, CO, HC, ISFC, and peak PRR. A genetic algorithm was
used by adjusting six parameters: the boost pressure, EGR rate,
fraction of premixed fuel and start of late injection timing. In
order to reduce emissions while maintaining the performance
in both single and double injection strategies, PSO was used
in [133]. They showed that the NOx and PM emissions were
reduced when their proposed method was used. In [134], sin-
gle and MOEAs were used for optimization of performance
and emissions of a diesel engine.

In diesel engines, there is a trade-off between the fuel econ-
omy and NOx values. Developing the diesel engines which can
adapt themselves with the environment could be a step for-
ward. Therefore, there is a need to Pareto solutions that can
express the trade-off between the fuel economy and NOx emis-
sions. To cover a variety of driving conditions, the dominated
solutions should had a wide diversity not only in the objec-
tive space, but also in the design variable space. To perform
this, a MOEA called SPEA2+ was used in [125] to design
a diesel engine. The results showed that the solutions have
a diversity not only in the objective space but also in the
design variable space. They showed that an engine could be
designed to adapt their parameters to the changing in driving
environment.

The NOx emission reduction of a diesel engine was
addressed in [135], where the Euro steady state calibration
test data set was used to make a neural model of the SCR cat-
alytic converter for each chosen condition. In order to generate
sufficient data for each condition, a mathematical model of
the SCR converter was run. Then these neural models, in con-
junction of a MOEAs were used with the objective of reducing
NOx and limiting the outlet ammonia concentration of the SCR
catalytic converter.

Other examples of the application of meta-heuristic algo-
rithms in reducing diesel engine emissions includes the use of
PSO in [136].

3) Emission in Natural Gas Engines: In order to reduce
the NOx emission of a natural gas engine, genetic algorithms,
and neural networks were employed in [137]. In this paper,

to calculate the amount of NOx emissions of a natural gas
engine, a neural network model was developed, the validity
of which was then verified by measurements from a tur-
bocharged, lean-burn, and natural gas engine. The results of
the model were then used to study the effects of the operational
and design parameters of the engine. Using a genetic algo-
rithm, the parameters of the engine were optimized to reduce
the NOx emissions. Their experimental results suggested that
their proposed method could reduce the NOx emissions down
to 250 mg/Nm3 for stationary engines.

B. Optimization of Fuel Consumption

In this section, we review the research which use meta-
heuristic algorithms in order to optimize the fuel efficiency of
car engines.

1) Chemical Kinetic Model: In order to fulfil the new strin-
gent regulations on limiting pollutant emissions new concepts
like the homogeneous charge compression ignition (HCCI)
have emerged [138]. Unlike in traditional compression igni-
tion and SI engines, these combustion modes are controlled
by the fuel chemical kinetics leading to autoignition. The
combustion process in HCCI engines does not involve flame
propagation as in SI engines or flame diffusion as in diesel
engine. Thus, the combustion in HCCI engines is dominated
by fuel/air chemical kinetics [138]. In this respect, a detailed
model of the fuel oxidation chemistry is essential in modeling
the engines. One example of applications of genetic algorithm
in this area is [139] and [138], where a new reduced chemical
kinetic model of n-heptane was developed. After develop-
ing a model for the problem, a micro-genetic algorithm was
employed to adjust the parameters of the model. In [140], the
Shell hydrocarbon fuel ignition model was improved, where
the 26 kinetic parameters of the model were optimized using
a genetic algorithm guided by results obtained from a detailed
kinetic mechanism. The optimizations were performed for a
wide range of conditions representing the operating conditions
in diesel engines.

In HCCI engines, the detailed reaction mechanism of sur-
rogate fuels cannot be used for engine simulation purposes,
due to very expensive computational time requirements [141].
Therefore, some algorithms were used to reduce the reac-
tion mechanisms, among which were genetic algorithms that
offered an efficient reduction of reaction mechanisms. In [141],
a genetic methodology for the reduction of kinetic mecha-
nisms was proposed which provided very similar results to
those obtained from the detailed mechanism.

2) Fuel Economy in Gasoline Engines: In order to opti-
mize the fuel economy of a gasoline engine under emission
constraints, in [142] the variable valve timing and variable
compression ratio techniques under various operating regions
were applied to a 1.8 L four-cylinder engine. The authors use a
genetic algorithm for the speed-load points for potential maxi-
mal and minimal fuel economy benefit via technology synergy.
In [143], a neural network was developed to model a gasoline
engine. Then a PSO and a derivative-based method were used
to minimize the fuel consumption of the engine with respect
to the constraint of emission.
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3) Fuel Economy in Diesel Engines: In order to optimize
the fuel consumption of a diesel engine, under constraint
of NOx emission, a genetic algorithm was used in [144].
In this paper, first using Kriging model, an emulator of
the diesel engine was developed and then the genetic algo-
rithm was applied to optimize the parameters. A MOEA was
employed in [145], where the fuel consumption and engine
emissions of a diesel engine were simultaneously optimized.
In [146], a multiobjective optimization algorithm was adopted
to improve the BSFC, and simultaneously minimize NOx and
soot emissions of a diesel engine. In order to reduce the fuel
consumption for stoichiometric diesel combustion in a diesel
engine, a micro-genetic algorithm was employed in [147],
where the optimization parameters were the injection strategy,
spray included angle and initial conditions like temperature
and pressure. This optimization yielded 11.8% improvement
in fuel consumption with simultaneous deduction of soot, NOx,
CO, and HC.

4) Fuel Economy in Bio-Diesel Engines: Determining the
optimal bio-diesel blends has a great deal of effect on the fuel
economy and emissions of a bio-diesel engine. In order to
find the best bio-diesel blend and speed ranges of a diesel
engine, a neural network was first developed in [148] to
model and predict brake power, BSFC, and the emissions of
engine. Then a NSGA in conjunction with a diversity preserv-
ing mechanism called the ε-elimination algorithm was used to
perform the optimization process on the model of the engine.
The authors considered six different objectives and used a
TOPSIS-based method to find the best solution. In [61], the
optimal bio-diesel ratio with the goal of achieving fewer emis-
sions and reasonable fuel economy was found. Using different
advanced machine learning methods including extreme learn-
ing machines, least-square SVMs, and radial-basis function
neural networks, a model of the engine was generated and then
subject to different constraints and using simulate annealing
and PSO to optimize the best bio-diesel ratio.

5) Fuel Economy in Hybrid Electric Engines: In order
to minimize the fuel consumption and emissions of a HEV,
PSO was employed in [149]. Considering the driving per-
formance requirements as constraints, the component sizing
of the engine were optimized in this research. One of the
main steps in designing a HEV is to select the power train
topology which affects the fuel economy and performance of
the engines. In this respect, in order to find the best topol-
ogy for a HEV offering the best fuel economy and power
train cost, PSO, and dynamic programming were employed
in [150]. They applied their algorithms to HEV engines with
three degrees of freedom: the size of the engine, the motor,
and the battery.

C. Optimization of Mechanical Parts in Gasoline Engines

Designing mechanical structures is a complex optimization
task with different and sometimes contradictory objectives.
This is particularly true when designing different parts of
a car engine. Many researchers thus employ meta-heuristic
algorithms when designing mechanical parts of an engine.
In this section, we review the applications of meta-heuristic

algorithms in mechanical design of car engines. We start our
review with applications of heuristic algorithms in designing
mechanical parts of gasoline engines.

1) Air Cooling System: In order to optimize the air-cooling
system of an engine, a multiobjective EA was employed
in [151]. In this problem, there were two conflicting objectives,
one was the volume of the required material for construc-
tion of the finned cylinder and the other was the heat
release per unit temperature difference. The system they have
designed generated a set of solutions, thus users can select
the optimal geometric configurations based on their project
requirements.

2) Crankshafts: In one of the first attempts in employing
meta-heuristic algorithms in crankshaft design, a genetic algo-
rithm was used in [152] to determine the design unbalance of
crankshafts and also to optimize the geometric shape for bal-
anced design of crankshafts. They then extended their study
in [153]. The crankshaft-bearing system of a four-cylinder
engine was designed in [154], where a PSO algorithm was
used to optimize the crankshaft mass and the total average
frictional power loss of the crankshaft bearing. The results
suggest 26.2% and 5.3% reduction in average frictional power
loss and crankshaft mass, respectively. In order to optimize
the crankshaft offset a genetic algorithm was used in [155].
The optimization process in this paper was defined to be the
minimization of friction losses between piston and cylinder,
and the difference between peak values of resultant force of
the piston in the normal direction. The research showed that
the performance of an engine can be improved by a careful
offset of crankshaft.

3) Cylinder Fin Arrays: Genetic algorithms were used in
cylinder fin arrays is the maximization of heat transfer through
fin arrays of an engine cylinder [156], where a binary coded
genetic algorithm was employed. They also studied the effect
of spacing between fins on various parameters.

4) Journal Bearing: Targeting the optimization process of
journal bearing design, a MOEA was employed in [157]. The
optimization goal in this research was to minimize friction
loss and lubricant flow as the two main objectives in journal
bearing design. The authors first developed a neural network
which models the journal bearing system. The optimization
was then performed using the model.

5) Engine Piston Design: One problem in engine piston
manufacturing is the definition of sample size in attribute con-
trol charts. This problem was addressed in [158], where a
model was developed to determine the best acceptance prob-
ability and to provide the minimum cost in every stage. A
genetic algorithm was then used to solve the model, using the
objectives of sample size and acceptance number.

6) Engine Valve Design: In many real-world manufacturing
problems, there are many parameters such as defective item
rate for raw materials and benches, which dynamically change
due to human factors, operating faults, or other reasons. A
fuzzy approach was developed in [159] for attribute control
charts, and a genetic algorithm was employed to optimize the
sample size and acceptance number of the model.

7) Intake and Exhaust Systems: One way of reducing
the emission of new engines is through the post-processing
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techniques, such as installing a catalyst in the exhaust pipe.
However, the problem with this technique is that the exhaust
pipe changes the reflection point of the exhaust pressure
wave, which decreases the torque of the engine. This could
be managed by optimizing the intake and the exhaust pressure
wave. A genetic algorithm was adopted in [160] to opti-
mize the intake and exhaust system of a gasoline engine,
where the experimental data were used to model the engine,
then the length and diameter of the intake and exhaust pipes
were optimized.

The control of the intake’s manifold pressure of a gasoline
engine was studied in [161]. This paper proposed a novel con-
trol architecture for tuning the H∞ engine controller, which
was optimized by a PSO algorithm.

D. Optimization of Mechanical Parts in Diesel Engines

In this section, we review the applications of meta-heuristic
algorithms in designing mechanical parts of diesel engines.

1) Chamber Optimization: In order to optimize the cham-
ber geometries, with the objective of reducing emission level
and fuel efficiency, a micro genetic algorithm is developed
in [162]. The authors designed a distributed version of the
algorithm and speeded it up using grid computing technolo-
gies to show how a parallel environment could be used to
reduce the computational time. The optimization of combus-
tion chamber of a diesel engine was studied in [163] and a
hybrid EA was proposed consisting of a genetic algorithm and
a PSO.

2) Heat and Power system: The combined heat and power
system of a diesel engine was optimized using a genetic algo-
rithm [164]. The system was first thermodynamically analyzed
through energy and exergy and then an objective function was
considered representing the fuel cost, cost of energy loss and
distribution, purchase, and maintenance cost of the system.
Experimental results provided in this paper showed 8.02%
improvement in the objective function when using the genetic
algorithm.

3) Piston Bowl Optimization: Reactivity controlled com-
pression ignition (RCCI) is a combustion strategy which offers
low NOx and PM emissions and high thermal efficiency.
In [165], a genetic algorithm was employed in order to opti-
mize the bowl surface area of a diesel engine. The authors
showed that using this method, the RCCI brake efficiency was
increased by 3% and NOx and PM emissions were met.

4) Rubber Mount Displacement: In combustion engines,
the unbalanced forces of rotating and reciprocating parts
cause vibrations. These vibrations could be isolated with
help of rotating balancing disks attached at both ends of the
crankshaft. The masses of the balancing disks and their lead
angles determine the effectiveness of the isolation. In this
respect, in order to minimize the vibrations, the masses and
lead angles of the disks can be optimized, e.g., using genetic
algorithms [166].

5) Injection Nozzles: The injection nozzle in a diesel
engine have a significant effect on the engine’s combustion
and therefore optimizing its configuration is an important
step in improving the fuel consumption and emission of

the engine. A PSO algorithm was used in [167] in the process
of configuring injection nozzles.

E. Optimization of Mechanical Parts in Hydraulic Hybrid
Engines

The shortage of energy and pollution concerns have made
the use of hydraulic hybrid vehicles more promising. In these
engines, the key component sizes have a great deal of effect
on the performance and fuel economy of the vehicles. A mul-
tiobjective optimization method based on a hybrid simulated
annealing and genetic algorithm was proposed in [168] to opti-
mize the key components in hydraulic hybrid vehicles, where
in the objective function, all the weighing factors can be set
with different values according to different requirements.

F. Optimization of Mechanical Parts in Natural Gas Engine

In order to design an optimized injection system for a
compressed natural gas engine, a multiobjective evolutionary
optimization algorithm was developed in [169]. The Kriging
meta-models were used in this paper to approximate the
expensive objective function.

G. Optimization of the Performance of Engines

The performance of an internal combustion engine is
affected by different settings of the basic parameters.
Optimizing the performance of a vehicle engine using a hybrid
genetic algorithm was performed in [168], where the heat load-
ing, mechanical loading, and the conditions of gas mixture of
the engine and boundary constraints were optimized.

H. Shape Optimization

A number of papers have used meta-heuristic algorithms to
optimize the geometric shape of some parts of engines.

1) Piston Bowl Geometry Optimization: Different versions
of genetic algorithms were compared in [170], to optimize the
piston bowl geometry, spray targeting, and swirl ratio. The
experimental studies presented in this paper suggested that
NSGA II [171] performed better than the other algorithms.
This was then improved in [172], where NSGA II was studied
using different niching strategies applied to the objective and
design spaces. This mechanism diversifies the optimal objec-
tives and design parameters. The piston bowl geometry, spray
targeting, and swirl ratio of a diesel engine were optimized
in [173], using a MOEA. An adaptive multigrid chemistry
model is developed and the numerical results from the model
were used in the optimization process. The objectives in the
optimization process were reducing the fuel consumption and
pollutant emissions.

2) Combustion Chamber Geometry Optimization: The
combustion chamber geometry and engine operating condi-
tions for a stoichiometric diesel combustion was optimized
in [174], where the aim of the optimization was to reduce the
specific fuel consumption. The optimization algorithm used
was a micro genetic algorithm, where the combustion chamber
was represented by ten variables. Experimental results sug-
gested a 35% improvement in the specific fuel consumption.
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The same method was also applied to optimize the cham-
ber geometry of an engine fueled with dimethyl ether with
the objective of improving the merit value [175]. A 136%
improvement in merit value was reported to be achieved during
the optimization process.

3) Intake Ports Optimization: The intake ports in a diesel
engine affects the performance of an engine. A parallel evolu-
tionary optimization algorithm was used in [176] to optimize
the intake ports geometry of a diesel engine.

4) Exhaust Manifold Optimization: The exhaust gas of
engines should be kept at a high temperature in the exhaust
pipe as the catalyst located at the end of the exhaust pipe
absorb more pollutant at a high temperature. Therefore,
designing the shape of an exhaust pipe of engines is an opti-
mization process which affects the amount of pollutants. A
multiobjective optimization design system of exhaust mani-
fold shapes of a car engine was proposed in [177] and [178],
where a divided range MOEA was used with the objectives of
optimizing engine power and exhaust gases. An engine sim-
ulator coupled with the unsteady Euler code was used in the
optimization.

I. Conversion

When converting an engine from diesel to CNG, different
optimization problems occur, for which meta-heuristic algo-
rithms can offer good results. One example was [179], in
which two optimization problems associated with engine con-
version were solved. One was the engine configuration, which
is to find the best configuration with the objectives of optimiz-
ing the fuel economy while avoiding detonation. The other was
to find the best possible combination of combustion chamber
geometry. Both problems were solved by MOEAs.

VI. META-HEURISTICS IN MODELING

Previous sections have touched upon how engine modeling
has been used in aiding optimization, especially in providing
fitness evaluation for meta-heuristic optimization algorithms.
Additionally, meta-heuristic algorithms have also been used to
optimize the models. This section reviews further work along
these lines since these are very common practices in work
related to engine design, calibration, maintenance, and fault
diagnosis.

A. Modeling Gasoline Engines

1) Sensor Systems: A hot-film mass air-flow system sensor
used in automobile engines to measure the intake mass air-
flow was studied in [180]. In this method, a novel approach
for modeling the sensor system was proposed and PSO was
proposed to optimize the model. The experiments performed
showed the effectiveness of PSO in finding the parameters of
dynamic sensor models.

2) Prediction: In order to predict the torque and BSFC of a
gasoline in terms of spark advance, throttle position and engine
speed, a genetic programming-based model of the engine was
developed in [181]. Experimental data were gathered and used
to train and test the system. The results presented in this paper

suggested that the proposed method was comparable to neural
network modeling systems in terms of speed, and accuracy.

B. Modeling Diesel Engines

Diesel engines can be modeled by the methods based on the
first law of thermodynamics or the computational fluid dynam-
ics. However, there are deficiencies in these methods, e.g.,
an insufficient accuracy at some ranges of engine work cycle
and the difficulties in applying to real-time control. Therefore,
computational intelligence methods are introduced which can
provide promising results.

1) Engine Models: Computer simulations of internal com-
bustion engines are very important in studying the engines;
however, because of the uncertainty of input parameters, the
models are not very precise and thus the model parame-
ters should be calibrated. Calibrating the parameters of the
model of a diesel engine was studied in [182], and a hybrid
genetic algorithm and ant colony optimization algorithm were
employed. The aim of the research was to reduce the time of
calibration process and improve the precision of the model.
In order to develop a four-cylinder diesel engine model,
the ANSYS software was used [183]. Then grid meshes
were imposed to the model with contact-setting and bound-
ary conditions and PSO was employed for the flatness error
analysis.

2) Cylinder Pressure: Concerning the measurement and
modeling cylinder pressure in a diesel engine, an analytical-
empirical model of the engine was built in [184]–[186]. A
genetic-fuzzy algorithm was used in this papers to model
the system. In [187], an empirical-analytical model for diesel
engine operation and control was built using a genetic-fuzzy
system. The system was used to simulate the cylinder pressure
of a diesel engine fueled by bio-fuels or diesel oil, for each
allowable crankshaft speed.

3) Emissions: A genetic programming-based evolutionary
system identification algorithm was proposed in [188], to
model the formation of NOx and particulate matter emissions
in a diesel engine. The model was then compared to other
models designed by experts. The authors showed that genetic
programming modeling approaches were capable of gener-
ating models which can be used as global virtual sensors.
In [189], a novel control-oriented model of raw emissions of
diesel engines was presented. The inputs of the model were
chosen by a selection algorithm which was based on genetic-
programming. Then based on the selected inputs, a hybrid
symbolic regression algorithm generated the nonlinear struc-
ture of the model. Experimental results suggested that while
the proposed model had a smaller number of inputs, it provided
comparable results to those obtained with neural networks.

4) Combustion: In order to build a parametric model of
combustion in a combustion chamber of a diesel engine, differ-
ential evolution, and evolution strategies with different fitness
definitions were studied in [190].

5) Injection Pressure: A model of cylinder and injection
pressure in a diesel engine fueled by rapeseed methyl esters
or its blend with diesel oil was built in [191]. In this research,
a data of 50 working cycles and 512 measurement data for
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TABLE II
REVIEWED PAPERS CATEGORIZED-BASED ON THE OPTIMIZATION ALGORITHMS AND APPLICATIONS

each working cycle of the engine were generated. Then a fuzzy
system was used to model the system, and a genetic algorithm
was used to optimize the fuzzy system.

6) Prediction: SVMs are shown to provide good results in
condition prediction. However, when it comes to complex sys-
tems, like diesel engines, the results are not very satisfying.
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Thus, a genetic algorithm was used in [192] to optimize the
SVM in predicting the condition of a diesel engine. The
genetic algorithm was used to select effective parameter com-
binations from the condition signal. Experimental data from
a diesel engine were used to validate the model and showed
good accuracy. In [193], artificial neural networks and RBFs
were used for sound prediction of a diesel engine. In this paper,
the training algorithm for neural networks was an EA.

7) Pressure in Injection Pipe: Using computational intelli-
gence methods, the pressure in an injection pipe of a diesel
engine was modeled in [194]. Several methods including a
genetic fuzzy system and neuro-fuzzy ANFIS were employed.
The models were compared and the experimental analysis
suggested that the best method is the genetic fuzzy system.

Table II categorizes the reviewed papers based on the algo-
rithms and applications. The most widely used algorithms
are the genetic algorithm and PSO. This is because these
two algorithms are easy to use and versatile. Other optimiza-
tion algorithms like genetic programming, immune EAs, ant
colonies, quantum EAs (QEA) [195], [196], etc., have gained
less attention. Each of these optimization problems are suit-
able for different problem types. The following observations
can be made on the table.

1) GP is suitable for structure optimization problems. For
problems like crankshaft design, cylinder design, piston
design, valve design, etc., this algorithm is more likely
to provide good results.

2) Ant colony optimization is suitable for graph-based opti-
mization problems. Among the reviewed papers, only
one has used the algorithm for a fault diagnosis problem,
although the problem is not a graph-based problem.

3) QEAs are suitable for combinatorial and binary coded
optimization problems. Many optimization problems in
car engine design are combinatorial or binary coded, so
considering QEA is suggested.

4) Many optimization problems in engine design involve
uncertainty. This happens when noise is involved or
when a fitness approximation method is used. Some
algorithms like covariance matrix adaptation evolution
strategy and EDAs can be more suitable for these sets
of problems.

5) Hybridizing optimization algorithms should be per-
formed carefully. That is the two algorithms should
complement one another. For example, when a problem
is partially binary and partially graph-based hybridiz-
ing QEA and ACO algorithm can be attempted. Since
car engines are very complex, we are very likely to
encounter these set of problems.

6) Memetic algorithms are not recommended for uncer-
tain problems. When a problem involves uncertainty,
the local search algorithms can easily be distracted
as the fitness of the neighbors of the current solution
may change or be inaccurate during the search process.
Therefore, optimization algorithms that are more pow-
erful at capturing the global behavior of the landscape
are recommended.

7) The properties of the fitness landscape of the problem
should also be taken into account. Problems with a more

rugged landscape are better managed with global opti-
mization algorithms, while the ones with more smooth
landscapes and less number of local optima are more
easily solved with memetic and local search algorithms.

VII. CONCLUSION

Car engine design is an extremely complex task that
involves many different but interlinked challenges, includ-
ing those in optimization, modeling, control, etc. This
paper focuses on challenges related to optimization only. In
particular, we have limited ourselves to meta-heuristic opti-
mization in car engine design, because of its effectiveness in
solving hard and complex optimization problems. In order to
gain an overview of what have been done in applying meta-
heuristic optimization to car engine design, a comprehensive
review has been carried out to understand where and how
meta-heuristic algorithms were used in car engine design. We
have categorized the research into five overlapping categories:
1) engine calibration; 2) optimization in control systems;
3) engine fault diagnosis; 4) meta-heuristic algorithms in
modeling; and 5) mechanical part optimization.

In spite of the huge range of applications of meta-heuristic
algorithms in car engine design, some interesting observations
can be made.

First, there is a very close link between optimization and
modeling. Almost all meta-heuristic optimization algorithms
rely on an engine model for obtaining objective values, i.e.,
fitness values. This implies that the success of an optimizer,
whether meta-heuristic or not, is not just an issue of a better
and more powerful optimization algorithm. Instead, the suc-
cess depends on both the optimization algorithm and modeling.
Accurate models are essential in ensuring the success of opti-
mization. At the same time, good optimization algorithms can
help to learn/build more reliable and accurate models. While
there has been much work on optimization and modeling sep-
arately, much fewer work has been on the interaction between
optimization and modeling and their appropriate combinations.

Second, most of the work in car engine design involve mul-
tiple objectives. MOEAs were very widely used in car engine
design, although a detailed analysis of when to use which
MOEA is still lacking. There are still a lot of trial-and-error
in selecting an MOEA for a particular problem.

Third, all the work in meta-heuristic optimization for car
engine design implicitly assumes a static and deterministic
optimization problem, while the real-world is dynamic and
full of uncertainties.

Fourth, many works try to benefit from the nature of
meta-heuristic algorithms and improve the performance of
the algorithms when solving engine management problems.
These could be categorized into three different groups.
The first group use a hybrid of a meta-heuristic algo-
rithm with a local search or another type of meta-heuristic
algorithms. For example, in [55]–[57], [94], [107], [109],
[143], and [168], a meta-heuristic algorithm is hybridized
with a local search algorithm. Thus, the global search advan-
tages of the meta-heuristic algorithm and the hill climb-
ing and speed of local search are combined to achieve
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a better algorithm. Other examples of hybrid algorithms
are [60], [97], [107], [129], [130], [163], [182], and [190],
where two types of meta-heuristic algorithms are combined
so the advantages of one algorithm covers the weakness of
the other one. The second group are the works that improve
the performance of the algorithm with operators. Improving
crossover [56], [57] and mutation [62] operators, using his-
tory of search [80] and entropy in the individuals [58] to
guide the individuals, preserving diversity among the individu-
als [148] and using niching strategies [172] are some examples
of these works. The third group of works target the objective
function. Some example of these are reducing the number of
objectives to improve the speed [78], using neural networks
to estimate the derivative of fitness function [83] and replac-
ing the fitness function with high speed equations that makes
the optimization real-time. Note that here, neural network or
machine-learning techniques could be employed to model the
real fitness function, or they may be used to improve the
performance of the algorithm.

Despite the wide range applications of meta-heuristic algo-
rithms, we believe there are still some ideas in the field of
evolutionary computation which have not been adopted in car
engine optimization. In this section, we try to suggest some
research topics for future works.

Four main types of uncertainties were identified in fit-
ness evaluation within the evolutionary computation commu-
nity [208]. None was considered in car engine design. The
first uncertainty is noise, which may come from different
sources including sensory measurement errors or randomized
simulations. To date, many EAs have been developed to deal
with noise in EAs [197]–[200]. It is interesting to investigate
the application of such algorithms to car engine design in
the future. The second source of uncertainty is robustness.
Sometimes the design variables are subject to changes after
the optimization. Therefore, the optimal solution has to be
robust to minor changes in the fitness function. Some exam-
ples of research in this area can be found in [201]–[204].
Fitness approximation is the third source of uncertainty in
optimization problems. Some examples of the research try-
ing to manage this uncertainty are [205]–[209]. The final
source of uncertainty is the time-varying fitness functions,
which occur when the fitness function itself may change
as time progresses and has been studied in a number of
research [210]–[216].

All these four types of uncertainties exist in automobile
engine design problems. Some examples are as follows.

1) Noise: When trying to optimize the emission, the sensors
measuring the gasses and particles may induce noise to
the fitness function.

2) Robustness: Engines are some mechanical machines
subject to ageing; thus, the input parameters to a con-
troller change over time.

3) Fitness Approximation: Many papers reviewed in this
paper used the meta-model approach for their opti-
mization, i.e., they used an engine simulation model to
approximate the real fitness values.

4) Time-Varying Fitness Functions: Engines work in
an ever-changing environment; therefore, the fitness

function changes with time, depending on different
aspects of an environment.

Although these uncertainties occur in all the optimization
problems in engine design, none of the research reviewed
in this paper have developed algorithms to manage them.
One of our future work is to tackle these uncertainties when
optimizing automobile engines.

The second future work is to investigate the relationship
between uncertainties and multiobjectivity in engine design,
as the uncertainties can be addressed from a multiobjective
point of view [217]. Some research suggested that multiobjec-
tive optimization problems, which occur in engine design in
great number, can be converted into dynamic single objective
optimization problems [218], [219]. Conversely, the concept
of Pareto-optimality can be used to address fast changing
dynamic optimization problems [220]. When converting a mul-
tiobjective problem to a dynamic single objective problem,
different uncertainties may occur. First since the conversion
is usually performed based on deterministic approaches, the
noise uncertainty is less likely to occur due to the conversion.
Second in terms of robustness, when the multiobjective opti-
mization is converted to dynamic single objective optimiza-
tion, there is usually some discrepancy between the two. One
way of managing this uncertainty could be to make a model
of the discrepancy using machine learning techniques. The
model then can be used during the optimization to calibrate
the fitness. The third class of uncertainty is fitness approxima-
tion that occurs during the conversion. Managing this type of
uncertainty could be performed by measuring the uncertainty
as proposed in [207], incorporating the uncertainty in the fit-
ness function and reevalute the individuals with uncertainty
higher than a threshold. Finally, since multiobjective prob-
lems are not necessarily time varying, when a multiobjective
problem is converted to a dynamic problem, the fourth uncer-
tainty is introduced to the problem. To deal with this type of
uncertainty different methods could be used, including restart-
ing the search, generating and maintaining diversity, using
memory-based approaches and multipopulation methods.

The third future work is to further investigate memetic algo-
rithms in automobile engine design, because they often provide
a good framework for combining advantages of global search
from a meta-heuristic algorithm and efficient local search.
This scheme could specifically be useful when it is applied
to engine calibration, when fitness evaluation is very expen-
sive and usually a fitness approximation model of the engine
is used. In this case, both the engine model and real engine
could be used simultaneously. For example, since the local
search performs exploitation and the evolutionary part acts for
global exploration, the local search needs more accurate fit-
ness estimation and the evolutionary part needs more general
information of the landscape. Therefore, for the evolutionary
part a faster and less accurate model could be used, and for
the local search, a more accurate real engine can be employed.

When choosing an existing EA for a specific problem in
engine management, a researcher should take the nature of
the problem and the algorithm into account. For example some
problems, like engine calibration, have a few number of opti-
mization parameters so the search space is not very large, but
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evaluating the fitness function is very time consuming. In this
case, the EA should be able to find a good solution with the
minimum number of fitness evaluations, so a more exploitive
EA with faster convergence is more suitable or employing
some optimization algorithms like surrogate-assisted evolu-
tionary techniques [221] could be tried. In some other cases,
the problems have a large number of optimization parameters
while fitness evaluation is less expensive. Here, the EA can
perform a larger number of fitness evaluations and should per-
form a more global search, so a more explorative algorithm
would be more suitable.

REFERENCES

[1] S. Arora and B. Barak, Computational Complexity: A Modern
Approach. New York, NY, USA: Cambridge Univ. Press, 2009.

[2] K. C. Tan, E. F. Khor, and T. H. Lee, Multiobjective Evolutionary
Algorithms and Applications (Advanced Information and Knowledge
Processing). London, U.K.: Springer, 2005.

[3] Y. Jin and J. Branke, “Evolutionary optimization in uncertain
environments—A survey,” IEEE Trans. Evol. Comput., vol. 9, no. 3,
pp. 303–317, Jun. 2005.

[4] X. S. Yang, Nature-Inspired Metaheuristic Algorithms. Frome, U.K.:
Luniver Press, 2008.

[5] K. Miettinen, Evolutionary Algorithms in Engineering and Computer
Science: Recent Advances in Genetic Algorithms, Evolution Strategies,
Evolutionary Programming. New York, NY, USA: Wiley, 1999.

[6] Y. Petalas, K. Parsopoulos, and M. Vrahatis, “Memetic particle swarm
optimization,” Ann. Oper. Res., vol. 156, no. 1, pp. 99–127, 2007.

[7] E. Elbeltagi, T. Hegazy, and D. Grierson, “Comparison among
five evolutionary-based optimization algorithms,” Adv. Eng. Inform.,
vol. 19, no. 1, pp. 43–53, 2005.

[8] M. Mitchell, An Introduction to Genetic Algorithms (Complex Adaptive
Systems). Cambridge, MA, USA: MIT Press, 1998.

[9] H.-G. Beyer and H.-P. Schwefel, “Evolution strategies: A comprehen-
sive introduction,” Nat. Comput., vol. 1, no. 1, pp. 3–52, 2002.

[10] L. J. Fogel, Intelligence Through Simulated Evolution: Forty Years of
Evolutionary Programming. New York, NY, USA: Wiley, 1999.

[11] J. Koza, Genetic Programming: On the Programming of Computers by
Means of Natural Selection. Cambridge, MA, USA: MIT Press, 1992.

[12] J. Koza, Genetic Programming II: Automatic Discovery of Reusable
Programs. Cambridge, MA, USA: MIT Press, 1994.

[13] K. Price, R. Storn, and J. Lampinen, Differential Evolution: A Practical
Approach to Global Optimization. Berlin, Germany: Springer, 2005.

[14] S. Das and P. N. Suganthan, “Differential evolution: A survey of the
state-of-the-art,” IEEE Trans. Evol. Comput., vol. 15, no. 1, pp. 4–31,
Feb. 2011.

[15] P. Larranaga, Estimation of Distribution Algorithms. A New Tool for
Evolutionary Computation. Boston, MA, USA: Kluwer Academic,
2002.

[16] M. Dorigo and T. Stutzle, Ant Colony Optimization. Cambridge, MA,
USA: MIT Press, 1992.

[17] J. Kennedy and R. C. Eberhart, Swarm Intelligence. San Francisco,
CA, USA: Morgan Kaufmann, 2001.

[18] D. Pham et al., “The bees algorithm—A novel tool for complex opti-
misation problems,” in Proc. 2nd Virtual Int. Conf. Intell. Prod. Mach.
Syst. (IPROMS), 2006, pp. 454–459.

[19] K. M. Passino, “Biomimicry of bacterial foraging for distributed opti-
mization and control,” IEEE Control Syst., vol. 22, no. 3, pp. 52–67,
Jun. 2002.

[20] P. Moscato, “On evolution, search, optimization, genetic algorithms
and martial arts: Towards memetic algorithms,” in Proc. Caltech
Concurrent Comput. Program, vol. 826. 1989, p. 1989.

[21] Z. W. Geem, J. H. Kim, and G. Loganathan, “A new heuristic optimiza-
tion algorithm: Harmony search,” Simulation, vol. 76, no. 2, pp. 60–68,
2001.

[22] D. Dasgupta, “Advances in artificial immune systems,” IEEE Comput.
Intell. Mag., vol. 1, no. 4, pp. 40–49, Nov. 2006.

[23] R. S. Michalski, “Learnable evolution model: Evolutionary pro-
cesses guided by machine learning,” Mach. Learn., vol. 38, nos. 1–2,
pp. 9–40, 2000.

[24] D. Fogel, Artificial Intelligence Through Simulated Evolution.
New York, NY, USA: Wiley, 2009.

[25] D. E. Goldberg and J. H. Holland, “Genetic algorithms and machine
learning,” Mach. Learn., vol. 3, no. 2, pp. 95–99, 1988.

[26] C. W. Ahn, Advances in Evolutionary Algorithms: Theory, Design and
Practice, vol. 18. Berlin, Germany: Springer, 2006.

[27] S. Sivanandam and S. Deepa, Introduction to Genetic Algorithms.
Berlin, Germany: Springer, 2007.

[28] A. Belmondo, F. Giuggioli, and B. Giorgi, “Optimization of ferro-
graphic oil analysis for diesel engine wear monitoring,” Wear, vol. 90,
no. 1, pp. 49–61, 1983.

[29] E. Ericsson, H. Larsson, and K. Brundell-Freij, “Optimizing route
choice for lowest fuel consumption-potential effects of a new driver
support tool,” Transp. Res. C Emerg. Technol., vol. 14, no. 6,
pp. 369–383, 2006.

[30] J. J. Kim and H. Y. Kim, “Shape design of an engine mount by a
method of parameter optimization,” Comput. Struct., vol. 65, no. 5,
pp. 725–731, 1997.

[31] P. Dimopoulos, C. Bach, P. Soltic, and K. Boulouchos, “Hydrogen-
natural gas blends fuelling passenger car engines: Combustion, emis-
sions and well-to-wheels assessment,” Int. J. Hydrogen Energy, vol. 33,
no. 23, pp. 7224–7236, 2008.

[32] C. Gagne, M. Gravel, and W. L. Price, “Solving real car sequencing
problems with ant colony optimization,” Eur. J. Oper. Res., vol. 174,
no. 3, pp. 1427–1448, 2006.

[33] D. Lowe and K. Zapart, “Validation of neural networks in automotive
engine calibration,” in Proc. 5th Int. Conf. Artif. Neural Netw., 1997,
pp. 221–226.

[34] C. Vermillion, J. Sun, K. Butts, and A. Hall, “Modeling and analysis of
a thermal management system for engine calibration,” in Proc. IEEE
Int. Conf. Control Appl. IEEE Int. Symp. Intell. Control IEEE Comput.
Aided Control Syst. Des., Munich, Germany, 2006, pp. 2048–2053.

[35] C. M. Vong and P. K. Wong, “Case-based adaptation for automotive
engine electronic control unit calibration,” Expert Syst. Appl., vol. 37,
no. 4, pp. 3184–3194, 2010.

[36] K. Zeng, S. Lv, B. Liu, F. Ma, and Z. Huang, “Development and cali-
bration on an electronic control system of CNG engine,” in Proc. IEEE
Int. Conf. Veh. Electron. Safety (ICVES), 2006, pp. 204–208.

[37] P. Dickinson and A. Shenton, “Dynamic calibration of fuelling in the
{PFI} {SI} engine,” Control Eng. Pract., vol. 17, no. 1, pp. 26–38,
2009.

[38] C. Vong, P. Wong, and H. Huang, “Case-based reasoning for automo-
tive engine electronic control unit calibration,” in Proc. Int. Conf. Inf.
Autom. (ICIA), 2009, pp. 1380–1385.

[39] R. Dorey and G. Stuart, “Self-tuning control applied to the in-vehicle
calibration of a spark ignition engine,” in Proc. 3rd IEEE Conf. Control
Appl., Glasgow, U.K., 1994, pp. 121–126.

[40] A. Rosato and S. Sibilio, “Calibration and validation of a model
for simulating thermal and electric performance of an internal com-
bustion engine-based micro-cogeneration device,” Appl. Therm. Eng.,
vols. 45–46, pp. 79–98, Dec. 2012.

[41] H. Gelgele and K. Wang, “An expert system for engine fault diag-
nosis: Development and application,” J. Intell. Manuf., vol. 9, no. 6,
pp. 539–545, 1998.

[42] S. Kher, P. Chande, and P. Sharma, “Automobile engine fault diagnosis
using neural network,” in Proc. IEEE Intell. Transp. Syst., Oakland,
CA, USA, 2001, pp. 492–495.

[43] L. Cao, C. Cao, Z. Guo, and J. Li, “The research of fault diagnosis
for fuel injection system of diesel engine with ANN based on rough
sets theory,” in Proc. 4th World Congr. Intell. Control Autom., vol. 1.
2002, pp. 410–414.

[44] X. Wang, U. Kruger, G. Irwin, G. McCullough, and N. McDowell,
“Nonlinear PCA with the local approach for diesel engine fault detec-
tion and diagnosis,” IEEE Trans. Control Syst. Technol., vol. 16, no. 1,
pp. 122–129, Jan. 2008.

[45] Y. Li, P. W. Tse, X. Yang, and J. Yang, “EMD-based fault diagnosis for
abnormal clearance between contacting components in a diesel engine,”
Mech. Syst. Signal Process., vol. 24, no. 1, pp. 193–210, 2010.

[46] E. Hendricks, “Engine modelling for control applications: A critical
survey,” Meccanica, vol. 32, no. 5, pp. 387–396, 1997.

[47] J. A. F. Vinsonneau, D. N. Shields, P. King, and K. Burnham,
“Improved SI engine modelling techniques with application to fault
detection,” in Proc. Int. Conf. Control Appl., vol. 2. 2002, pp. 719–724.

[48] L. Brzozowska, K. Brzozowski, and J. Nowakowski, “An application
of artificial neural network to diesel engine modelling,” in Proc. IEEE
Intell. Data Acquisit. Adv. Comput. Syst. Technol. Appl. (IDAACS),
2005, pp. 142–146.



TAYARANI-N. et al.: META-HEURISTIC ALGORITHMS IN CAR ENGINE DESIGN: A LITERATURE SURVEY 625

[49] J. Colgate, C.-T. Chang, Y.-C. Chiou, W. Liu, and L. Keer, “Modelling
of a hydraulic engine mount focusing on response to sinusoidal and
composite excitations,” J. Sound Vib., vol. 184, no. 3, pp. 503–528,
1995.

[50] C. Ciardelli et al., “SCR—For diesel engine exhaust aftertreatment:
Unsteady-state kinetic study and monolith reactor modelling,” Chem.
Eng. Sci., vol. 59, nos. 22–23, pp. 5301–5309, 2004.

[51] K. Atashkari, N. Nariman-Zadeh, M. Golcu, A. Khalkhali, and
A. Jamali, “Modelling and multi-objective optimization of a variable
valve-timing spark-ignition engine using polynomial neural networks
and evolutionary algorithms,” Energy Convers. Manage., vol. 48, no. 3,
pp. 1029–1041, 2007.

[52] M. Priest, D. Dowson, and C. Taylor, “Predictive wear modelling of
lubricated piston rings in a diesel engine,” Wear, vol. 231, no. 1,
pp. 89–101, 1999.

[53] C. Hametner and S. Jakubek, “Combustion engine modelling using
an evolving local model network,” in Proc. IEEE Int. Conf. Fuzzy
Syst. (FUZZ), 2011, pp. 2802–2807.

[54] A. Schmied, “A global constrained optimization algorithm for engine
calibration,” in Global Optimization and Constraint Satisfaction
(Lecture Notes in Computer Science), vol. 2861. Berlin, Germany:
Springer, 2003, pp. 111–122.

[55] J. Poland et al., “Evolutionary search for smooth maps in motor
control unit calibration,” in Stochastic Algorithms: Foundations and
Applications (Lecture Notes in Computer Science), vol. 2264. Berlin,
Germany: Springer, 2001, pp. 107–116.

[56] K. Knodler, J. Poland, A. Mitterer, and A. Zell, “Genetic algorithms
solve combinatorial optimisation problems in the calibration of com-
bustion engines,” in Optimization in Industry. London, U.K.: Springer,
2002, pp. 45–56.

[57] K. Knodler, J. Poland, P. Merz, and A. Zell, “Using memetic algorithms
for optimal calibration of automotive internal combustion engines,” in
Recent Advances in Memetic Algorithms (Studies in Fuzziness and Soft
Computing), vol. 166. Berlin, Germany: Springer, 2005, pp. 87–104.

[58] G. Vossoughi and S. Rezazadeh, “Optimization of the calibration for an
internal combustion engine management system using multi-objective
genetic algorithms,” in Proc. IEEE Congr. Evol. Comput., vol. 2. 2005,
pp. 1254–1261.

[59] S. Zaglauer and U. Knoll, “Evolutionary algorithms for the automatic
calibration of simulation models for the virtual engine application
mathematical modelling,” in Proc. 7th Vienna Int. Conf. Math. Model.,
2012, pp. 177–181.

[60] M. Wu, W. Lin, and S. Duan, “Investigation of a multi-objective opti-
mization tool for engine calibration,” Inst. Mech. Eng. D J. Autom.
Eng., vol. 222, no. 2, pp. 177–181, 2007.

[61] K. I. Wong, P. K. Wong, C. S. Cheung, and C. M. Vong, “Modeling and
optimization of biodiesel engine performance using advanced machine
learning methods,” Energy, vol. 55, pp. 519–528, Jun. 2013.

[62] S. Zaglauer and M. Deflorian, “Multi-criteria optimization for parame-
ter estimation of physical models in combustion engine calibration,” in
Evolutionary Multi-Criterion Optimization (Lecture Notes in Computer
Science), vol. 7811. Berlin, Germany: Springer, 2013, pp. 628–640.

[63] J. Zhao and M. Xu, “Fuel economy optimization of an Atkinson cycle
engine using genetic algorithm,” Appl. Energy, vol. 105, pp. 335–348,
May 2013.

[64] H. Javaherian, D. Liu, Y. Zhang, and O. Kovalenko, “Adaptive critic
learning techniques for automotive engine control,” in Proc. Amer.
Control Conf., vol. 5. Boston, MA, USA, 2004, pp. 4066–4071.

[65] D. Liu, H. Javaherian, O. Kovalenko, and T. Huang, “Adaptive critic
learning techniques for engine torque and air to fuel ratio con-
trol,” IEEE Trans. Syst., Man, Cybern. B, Cybern., vol. 38, no. 4,
pp. 988–993, Aug. 2008.

[66] K. Suzuki and S. Asano, “Model-based control and calibration for air-
intake systems in turbocharged spark-ignition engines,” in The FISITA
World Automotive Congress (Lecture Notes in Electrical Engineering),
vol. 190. Berlin, Germany: Springer, 2013, pp. 1029–1041.

[67] K. Rezapour, “Exergy based SI engine model optimisation: Exergy
based simulation and modelling of bifuel SI engine for optimisa-
tion of equivalence ratio and ignition time using artificial neural
network (ANN) emulation and particle swarm optimisation (PSO),”
Ph.D. thesis, Univ. Bradford, 2011.

[68] R. Verma and P. A. Lakshminarayanan, “A case study on the application
of a genetic algorithm for optimization of engine parameters,” Inst.
Mech. Eng. D J. Autom. Eng., vol. 220, no. 4, pp. 471–479, 2006.

[69] W. Wu, T. Hong, S. Weng, Z. Ye, and Z. Wu, “Ignition timing multi-
object optimization of alternative fuel engine virtual ECU,” in Proc.
Int. Symp. Intell. Inf. Syst. Appl., Qingdao, China, 2009.

[70] A. Ratnaweera, H. Watson, and S. Halgamuge, “Optimisation of
valve timing events of internal combustion engines with particle
swarm optimisation,” in Proc. Congr. Evol. Comput., vol. 4. 2003,
pp. 2411–2418.

[71] K. Atashkari, N. Nariman-Zadeh, N. Golcu, A. Khalkhali, and
A. Jamali, “Modelling and multi-objective optimization of a variable
valve-timing spark-ignition engine using polynomial neural networks
and evolutionary algorithms,” Energy Convers. Manage., vol. 48, no. 3,
pp. 1029–1041, 2007.

[72] A. K. M. Mohiuddin, A. A. I. S. Ashour, and Y. H. Shin, “Design
optimization of valve timing at various engine speeds using multi-
objective genetic algorithm (MOGA),” in Proc. 19th IASTED Int. Conf.
Model. Simul., 2008, pp. 41–46.

[73] A. Mohiuddin, M. A. Rahman, and Y. H. Shin, “Application of
multi-objective genetic algorithm (MOGA) for design optimization of
valve timing at various engine speeds,” Adv. Mater. Res., vol. 264,
pp. 1719–1724, 2011.

[74] H. Langouet, L. Metivier, D. Sinoquet, and Q.-H. Tran, “Optimization
for engine calibration,” in Proc. Int. Conf. Eng. Optim., Rio de Janeiro,
Brazil, 2008.

[75] H. Langouet, L. Metivier, D. Sinoquet, and Q.-H. Tran, “Engine cal-
ibration: Multi-objective constrained optimization of engine maps,”
Optim. Eng., vol. 12, no. 3, pp. 407–424, 2011.

[76] E. Samadani, A. H. Shamekhi, M. H. Behroozi, and R. Chini,
“A method for pre-calibration of DI diesel engine emissions and per-
formance using neural network and multi-objective genetic algorithm,”
Iran. J. Chem. Chem. Eng., vol. 28, no. 4, pp. 61–92, 2009.

[77] E.-H. Brahmi, L. Denis-Vidal, Z. Cherfi, and N. Boudaoud, “Statistical
modeling and optimization for diesel engine calibration,” in Proc.
IEEE 35th Annu. Conf. Ind. Electron. (IECON), Porto, Portugal, 2009,
pp. 1770–1775.

[78] R. Lygoe, M. Cary, and P. Fleming, “A many-objective optimisation
decision-making process applied to automotive diesel engine calibra-
tion,” in Simulated Evolution and Learning (Lecture Notes in Computer
Science), vol. 6457. Berlin, Germany: Springer, 2010, pp. 638–646.

[79] L. Wang, M. He, and Z. Yang, “Research on optimal calibration tech-
nology for hydrogen-fueled engine based on nonlinear programming
theory,” Int. J. Hydrogen Energy, vol. 35, no. 7, pp. 2747–2753, 2010.

[80] Y. Sano, H. Kita, I. Kamihira, and M. Yamaguchi, “Online optimization
of an engine controller by means of a genetic algorithm using history of
search,” in Proc. IEEE 26th Annu. Conf. Ind. Electron. Soc. (IECON),
vol. 4. Nagoya, Japan, 2000, pp. 2929–2934.

[81] B. Sun, M. Lochau, P. Huhn, and U. Goltz, “Parameter optimization of
an engine control unit using genetic algorithms,” Technische Universitat
Braunschweig, Tech. Rep., 2009.

[82] A. Jansri and P. Sooraksa, “Enhanced model and fuzzy strategy of air
to fuel ratio control for spark ignition engines,” Comput. Math. Appl.,
vol. 64, no. 5, pp. 922–933, 2012.

[83] H. Javaherian, D. Liu, and O. Kovalenko, “Automotive engine torque
and air-fuel ratio control using dual heuristic dynamic programming,”
in Proc. Int. Joint Conf. Neural Netw. (IJCNN), Vancouver, BC,
Canada, 2006, pp. 518–525.

[84] Z. Hou and Y. Wu, “Predictive control for air fuel ratio based on adap-
tive expand particle swarm optimization,” in Proc. 7th World Congr.
Intell. Control Autom. (WCICA), 2008, pp. 705–709.

[85] H. Mohamed, S. Munzir, M. Abdulmuin, and S. Hameida, “Fuzzy
modeling and control of a spark ignition engine idle mode,” in Proc.
TENCON, vol. 2. Kuala Lumpur, Malaysia, 2000, pp. 586–591.

[86] A. Petridis and A. Shenton, “Inverse-NARMA: A robust control method
applied to SI engine idle-speed regulation,” Control Eng. Pract.,
vol. 11, no. 3, pp. 279–290, 2003.

[87] D. Kim and J. Park, “Application of adaptive control to the fluctuation
of engine speed at idle,” Inf. Sci., vol. 177, no. 16, pp. 3341–3355,
2007.

[88] E. Harth and E. Tzanakou, “Alopex: A stochastic method for determin-
ing visual receptive fields,” Vis. Res., vol. 14, no. 12, pp. 1475–1482,
1974.

[89] J.-L. Cao, J.-M. Yin, J.-S. Shin, and H.-H. Lee, “BP network modified
by particle swarm optimization and its application to online-tuning PID
parameters in idle-speed engine control system,” in Proc. ICCAS-SICE,
Fukuoka, Japan, 2009, pp. 3663–3666.

[90] J.-M. Yin, J.-S. Shin, and H.-H. Lee, “On-line tuning PID parameters
in an idling engine based on a modified BP neural network by particle
swarm optimization,” Artif. Life Robot., vol. 14, no. 2, pp. 129–133,
2009.



626 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 19, NO. 5, OCTOBER 2015

[91] T. Rokusho and M. Yamakita, “Combined feedforward and feed-
back control for start-up engine control,” in Proc. 27th Chin. Control
Conf. (CCC), 2008, pp. 562–565.

[92] T. Rokusho and M. Yamakita, “Robust combined feedforward and feed-
back control for start up engine control,” in Proc. IEEE Int. Conf.
Control Appl., 2008, pp. 227–232.

[93] N. Benito, J. Arias, A. Velazquez, and J. Vega, “Real time performance
improvement of engineering control units via higher order singular
value decomposition: Application to a {SI} engine,” Control Eng.
Pract., vol. 19, no. 11, pp. 1315–1327, 2011.

[94] A. Kwiatkowski, H. Werner, J. Blath, A. Ali, and M. Schultalbers,
“Linear parameter varying {PID} controller design for charge con-
trol of a spark-ignited engine,” Control Eng. Pract., vol. 17, no. 11,
pp. 1307–1317, 2009.

[95] H. Y. Cao and F. M. Peng, “Optimization of engine speed neural net-
work PID controller based on genetic algorithm,” in Proc. 4th Int.
Symp. Comput. Intell. Des. (ISCID), vol. 2. Hangzhou, China, 2011,
pp. 271–274.

[96] O. Kovalenko, D. Liu, and H. Javaherian, “Neural network modeling
and adaptive critic control of automotive fuel-injection systems,” in
Proc. IEEE Int. Symp. Intell. Control, 2004, pp. 368–373.

[97] D. Wu, M. Ogawa, Y. Suzuki, H. Ogai, and J. Kusaka, “Modified multi-
objective particle swarm optimization: Application to optimization of
diesel engine control parameter,” SICE J. Control Meas. Syst. Integr.,
vol. 3, no. 5, pp. 315–323, 2011.

[98] H. Ming-jiang and Y. Gao-feng, “Simulation of speed controlling sys-
tem on diesel engine based on FN,” in Proc. 4th Int. Symp. Knowl.
Acquisit. Model. (KAM), 2011, pp. 358–361.

[99] X. Zhang, H. Li, X. Feng, and Z. Chen, “Study on optimization of
the diesel engine controlling parameters based on genetic algorithm,”
Appl. Mech. Mater., vol. 253, pp. 2125–2129, 2012.

[100] Z. Wang, B. Huang, W. Li, and Y. Xu, “Particle swarm optimization
for operational parameters of series hybrid electric vehicle,” in Proc.
IEEE Int. Conf. Robot. Biomimetics (ROBIO), 2006, pp. 682–688.

[101] D. Porto, A. Martinez, and S. Scimone, “A hybrid engine control sys-
tem based on genetic algorithms,” in Proc. 11th WSEAS Int. Conf. Syst.,
2007, pp. 417–423.

[102] D. Gladwin, P. Stewart, and J. Stewart, “A novel genetic programming
approach to the design of engine control systems for the voltage stabi-
lization of hybrid electric vehicle generator outputs,” Inst. Mech. Eng.
D J. Autom. Eng., vol. 225, no. 10, pp. 1334–1346, 2011.

[103] X. Wu, B. Cao, J. Wen, and Y. Bian, “Particle swarm optimization
for plug-in hybrid electric vehicle control strategy parameter,” in Proc.
IEEE Veh. Power Propulsion Conf., 2008, pp. 1–5.

[104] Y. Zhenzhong, W. Lijun, H. Manlou, and C. Yongdi, “Research on opti-
mal control to resolve the contradictions between restricting abnormal
combustion and improving power output in hydrogen fueled engines,”
Int. J. Hydrogen Energy, vol. 37, no. 1, pp. 774–782, 2012.

[105] L. Wang, Z. Yang, and M. He, “Research on optimizing control model
of hydrogen fueled engines based on thermodynamics and state space
analysis method about nonlinear system,” Int. J. Hydrogen Energy,
vol. 37, no. 12, pp. 9902–9913, 2012.

[106] F. Ma et al., “An investigation of optimum control of a spark igni-
tion engine fueled by {NG} and hydrogen mixtures,” Int. J. Hydrogen
Energy, vol. 33, no. 24, pp. 7592–7606, 2008.

[107] X. Wang, H. L. Yu, S. L. Duan, and J. Yan, “Study on diesel engine
fault diagnosis based on integration of Bayesian and genetic neural
network method,” Adv. Mater. Res., vol. 311, pp. 2277–2281, Jan. 2011.

[108] L. Tian, L. Li, and Y. Chen, “The research of fault diagnosis for gaso-
line engine based on WP-GA-NN,” in Proc. Int. Conf. Comput. Control
Ind. Eng. (CCIE), vol. 1. Wuhan, China, 2010, pp. 263–266.

[109] L. Kong, S. Zhu, and Z. Wang, “Feature subset selection-based fault
diagnoses for automobile engine,” in Proc. 4th Int. Symp. Comput.
Intell. Des. (ISCID), vol. 2. Hangzhou, China, 2011, pp. 367–370.

[110] W. Zhang, J. Zhu, and L. F. Kong, “Gradient genetic algorithm-based
performance fault diagnosis model,” in Proc. 2nd Int. Conf. Artif. Intell.
Manage. Sci. Electron. Commer. (AIMSEC), 2011, pp. 3059–3062.

[111] J. Gu, “Analysis on automobile engine failure diagnosis based on
genetic algorithm,” Adv. Mater. Res., vol. 490, pp. 186–190, 2012.

[112] D. Lu and W. Dou, “Fault diagnosis of engine misfire based on genetic
optimized support vector machine,” in Proc. 6th Int. Forum Strat.
Technol. (IFOST), vol. 1. 2011, pp. 250–253.

[113] X. Zhang, J. Sun, and C. Guo, “A novel method of intelligent fault
diagnosis for diesel engine,” in Proc. 6th World Congr. Intell. Control
Autom. (WCICA), vol. 2. 2006, pp. 5739–5743.

[114] B. Liu, H. Pan, and X. Li, “An expert system for fault diagnosis in
diesel engine based on wavelet packet analysis and hybrid PSO-DV
based neural network,” in Proc. Int. Conf. Intell. Comput. Cogn.
Inform. (ICICCI), Kuala Lumpur, Malaysia, 2010, pp. 29–32.

[115] W. X. Yang, “Vibration-based diagnosis of engine valve faults,” Insight
Non-Destr. Test Cond. Monit., vol. 45, no. 8, pp. 547–553, 2003.

[116] Y. B. Qu and Y. Zhang, “An application of the combination of ant
colony algorithm and neural network,” in Proc. IEEE Int. Conf. Inf.
Acquisit., Weihai, China, 2006, pp. 1067–1070.

[117] W. X. Yang, “Establishment of the mathematical model for diagnos-
ing the engine valve faults by genetic programming,” J. Sound Vib.,
vol. 293, no. 1, pp. 213–226, 2006.

[118] F. Feng, A. Si, and H. Zhang, “Research on fault diagnosis of diesel
engine based on bispectrum analysis and genetic neural network,”
Procedia Eng., vol. 15, pp. 2454–2458, 2011.

[119] R. Sun, F. Tsung, and L. Qu, “Combining bootstrap and genetic pro-
gramming for feature discovery in diesel engine diagnosis,” Int. J. Ind.
Eng, vol. 11, no. 3, pp. 273–281, 2004.

[120] F. Feng, Y. Zhao, F. Zhao, and J. Liu, “Application research of GA and
SOFM on pattern classification for a certain diesel engine,” in Proc.
15th Int. Congr. Sound Vib., Daejeon, Korea, Jul. 2008, pp. 1446–1451.

[121] J. Vesterback et al., “Engine parameter outlier detection: Verification by
simulating pid controllers generated by genetic algorithm,” in Advances
in Intelligent Data Analysis XI (Lecture Notes in Computer Science),
vol. 7619. Berlin, Germany: Springer, 2012, pp. 404–415.

[122] L. Kong, Z. Wang, and W. Wang, “Global boundary optimization
for automobile engine based on genetic algorithm,” in Emerging
Research in Artificial Intelligence and Computational Intelligence
(Communications in Computer and Information Science). Berlin,
Germany: Springer, 2012, pp. 342–349.

[123] Y. Qin, B. Li, Q. Liu, X. Xu, and J. Zhai, “A method for improving
radiated emission of automotive spark-ignition system with improved
micro-genetic algorithm,” in The FISITA World Automotive Congress
(Lecture Notes in Electrical Engineering), vol. 194. Berlin, Germany:
Springer, 2013, pp. 557–564.

[124] H. Hiroyasu, M. Miki, J. Kamiura, and S. Watanabe, “Multi-objective
optimization of diesel engine emissions using genetic algorithms
and phenomenological model,” JSAE Annu. Congr., vol. 104, no. 2,
pp. 9–12, 2002.

[125] T. Hiroyasu, M. Miki, S. Nakayama, and Y. Hanada, “Multi-objective
optimization of diesel engine emissions and fuel economy using
SPEA2+,” in Proc. Conf. Genet. Evol. Comput., 2005, pp. 2195–2196.

[126] R. Hessel and R. Reitz, “Diesel engine injection rate-shape optimization
using genetic algorithm and multidimensional modeling for a range of
operating modes,” in Proc. 15th Annu. Conf. Liq. Atomization Spray
Syst., 2002, pp. 325–329.

[127] M. Ueda et al., “A new optimizing technique of a diesel engine
aftertreatment system using {HC} denox catalyst,” JSAE Rev., vol. 24,
no. 1, pp. 47–51, 2003.

[128] T. Donateo, D. Laforgia, G. Aloisio, and S. Mocavero, “An evolution-
ary algorithm to design diesel engines,” in Proc. IEEE Congr. Evol.
Comput., vol. 1. 2005, pp. 802–809.

[129] S. Jeong, S. Obayashia, and Y. Minemura, “Application of hybrid evo-
lutionary algorithms to low exhaust emission diesel engine design,”
Eng. Optim., vol. 40, no. 1, pp. 1–16, 2008.

[130] S. Jeong, S. Hasegawa, K. Shimoyama, and S. Obayashi, “Development
and investigation of efficient GA/PSO-hybrid algorithm applicable
to real-world design optimization,” in Proc. IEEE Congr. Evol.
Comput. (CEC), 2009, pp. 777–784.

[131] J. Alonso et al., “Combining neural networks and genetic algorithms
to predict and reduce diesel engine emissions,” IEEE Trans. Evol.
Comput., vol. 11, no. 1, pp. 46–55, Feb. 2007.

[132] S. L. Kokjohn and R. D. Reitz, “A computational investigation of two-
stage combustion in a lightduty diesel engine,” SAE Int. J. Eng., vol. 1,
no. 1, pp. 1083–1104, 2008.

[133] P. K. Karraa and S.-C. Konga, “Diesel engine emissions reduction using
particle swarm optimization,” Combust. Sci. Technol., vol. 182, no. 7,
pp. 879–903, 2010.

[134] K. Tutuncu and N. Allahverdi, “Performance and emission optimization
of diesel engine by single and multi-objective genetic algorithms,” in
Proc. 11th Int. Conf. Comput. Syst. Technol. Workshop PhD Students
Comput. Int. Conf. Comput. Syst. Technol., 2010, pp. 197–204.

[135] E. M. Faghihi and A. H. Shamekhi, “Development of a neural network
model for selective catalytic reduction (SCR) catalytic converter and
ammonia dosing optimization using multiobjective genetic algorithm,”
Chem. Eng. J., vol. 165, pp. 508–516, Dec. 2010.



TAYARANI-N. et al.: META-HEURISTIC ALGORITHMS IN CAR ENGINE DESIGN: A LITERATURE SURVEY 627

[136] D. Wu, Y. Y. M. Ogawa, and H. Ogai, “Engine control input opti-
mization using particle swarm optimization and multi-objective particle
swarm optimization,” in Proc. Model. Ident. Control (MIC), vol. 675.
Feb. 2010.

[137] U. Kesgin, “Genetic algorithm and artificial neural network for engine
optimisation of efficiency and {NOx} emission,” Fuel, vol. 83, no. 7,
pp. 885–895, 2004.

[138] H. Huang and W. Su, “Application of micro-genetic algorithm for cal-
ibration of kinetic parameters in HCCI engine combustion model,”
Front. Energy Power Eng. China, vol. 2, no. 1, pp. 86–92, 2008.

[139] W. Su and H. Huang, “Development and calibration of a reduced chem-
ical kinetic model of N-heptane for {HCCI} engine combustion,” Fuel,
vol. 84, no. 9, pp. 1029–1040, 2005.

[140] V. Hamosfakidis and R. Reitz, “Optimization of a hydrocarbon fuel
ignition model for two single component surrogates of diesel fuel,”
Combust. Flame, vol. 132, no. 3, pp. 433–450, 2003.

[141] J. J. Hernandez, R. Ballesteros, and J. Sanz-Argent, “Reduction of
kinetic mechanisms for fuel oxidation through genetic algorithms,”
Math. Comput. Model., vol. 52, no. 7, pp. 1185–1193, 2010.

[142] Z. Ye, F. Washko, and M.-C. Lai, “Genetic algorithm optimization of
fuel economy for PFI engine with VVT-VCR,” in Proc. IEEE Int. Conf.
Control Appl., vol. 1. 2004, pp. 364–369.

[143] S. Rezazadeh and G. R. Vossoughi, Design and Application of Hybrid
Intelligent Systems. Amsterdam, The Netherlands: IOS Press, 2003,
pp. 1094–1103.

[144] E. H. Brahmi, L. Denis-vidal, and Z. Cher, “Simulation and opti-
mization of engine performance using Kriging model and genetic
algorithm,” in Proc. 6th Int. Conf. Math. Methods Rel., 2009.

[145] C.-W. Lee, H.-W. Ge, R. D. Reitz, E. Kurtz, and W. Willems,
“Computational optimization of a down-scaled diesel engine operating
in the conventional diffusion combustion regime using a multi-objective
genetic algorithm,” Combust. Sci. Technol., vol. 184, no. 1, pp. 78–96,
2012.

[146] B. Wahono, H. Ogai, M. Ogawa, J. Kusaka, and Y. Suzuki, “Diesel
engine optimization control methods for reduction of exhaust emis-
sion and fuel consumption,” in Proc. IEEE/SICE Int. Symp. Syst.
Integr. (SII), 2012, pp. 722–727.

[147] D. Kim and S. Park, “Optimization of injection strategy to reduce
fuel consumption for stoichiometric diesel combustion,” Fuel, vol. 93,
pp. 229–237, Mar. 2012.

[148] M. M. Etghani, M. H. Shojaeefard, A. Khalkhali, and M. Akbari,
“A hybrid method of modified NSGA-II and {TOPSIS} to optimize
performance and emissions of a diesel engine using biodiesel,” Appl.
Therm. Eng., vol. 59, nos. 1–2, pp. 309–315, 2013.

[149] X. Wu, B. Cao, J. Wen, and Z. Wang, “Application of particle swarm
optimization for component sizes in parallel hybrid electric vehicles,”
in Proc. IEEE World Congr. Comput. Intell. Evol. Comput. (CEC),
2008, pp. 2874–2878.

[150] T. Nuesch, T. Ott, S. Ebbesen, and L. Guzzella, “Cost and fuel-optimal
selection of HEV topologies using particle swarm optimization and
dynamic programming,” in Proc. Amer. Control Conf. (ACC), Montreal,
QC, Canada, 2012, pp. 1302–1307.

[151] B. Najafi, H. Najafi, and M. D. Idalik, “Computational fluid dynamics
investigation and multi-objective optimization of an engine air-cooling
system using genetic algorithm,” Inst. Mech. Eng. C J. Mech. Eng. Sci.,
vol. 225, no. 6, pp. 1389–1398, 2011.

[152] H. A. Tellez and N. L. Rovira, “Computer aided innovaton of crankshafts
using genetic algorithms,” in Knowledge Enterprise: Intelligent
Strategies in Product Design, Manufacturing, and Management,
vol. 207. Boston, MA, USA: Springer, 2006, pp. 471–476.

[153] A. Albers, N. Leon-Rovira, H. Aguayo, and T. Maier, “Development
of an engine crankshaft in a framework of computer-aided innovation,”
Comput. Ind., vol. 60, no. 8, pp. 604–612, 2009.

[154] J. Sun, B. K. Huang, X. Y. Zhao, Y. H. Fu, and Y. Yang, “On
the algorithms of design optimization of crankshaft bearing based
on multi-objective of system,” in Proc. Int. Conf. Electr. Inf. Control
Eng. (ICEICE), Wuhan, China, 2011, pp. 4310–4313.

[155] R. Tomic, M. Sjeric, and Z. Lulic, “The optimization of crankshaft off-
set of spark ignition engine,” in Proc. 16th Int. Res./Expert Conf. Trends
Develop. Mach. Assoc. Technol., Dubai, UAE, 2012, pp. 527–530.

[156] G. Raju, B. Panitapu, and S. C. V. R. M. Naidu, “Optimal design of an
I.C. engine cylinder fin arrays using a binary coded genetic algorithms,”
Int. J. Mod. Eng. Res., vol. 2, no. 6, pp. 4516–4520, 2012.

[157] J. Ghorbanian, M. Ahmadi, and R. Soltani, “Design predictive tool and
optimization of journal bearing using neural network model and multi-
objective genetic algorithm,” Sci. Iran., vol. 18, no. 5, pp. 1095–1105,
2011.

[158] A. Kaya and O. Engin, “A new approach to define sample size at
attributes control chart in multistage processes: An application in
engine piston manufacturing process,” J. Mater. Process. Technol.,
vol. 183, no. 1, pp. 38–48, 2007.

[159] O. Engin, A. Aelik, and A. Kaya, “A fuzzy approach to define sample
size for attributes control chart in multistage processes: An application
in engine valve manufacturing process,” Appl. Soft Comput., vol. 8,
no. 4, pp. 1654–1663, 2008.

[160] Y. Xiaolong, H. Ming, and L. Biao, “Optimization of intake and exhaust
system of a gasoline engine based on genetic algorithm,” in Proc. IEEE
10th Int. Conf. Comput.-Aided Ind. Des. Concept. Des. (CAID CD),
Wenzhou, China, 2009, pp. 2100–2104.

[161] G. Gil, V. Talon, G. Sandou, E. Godoy, and D. Dumur, “Robust non-
linear control applied to internal combustion engine air path using
particle swarm optimization,” in Proc. IEEE Control Appl. (CCA) Intell.
Control (ISIC), St. Petersburg, Russia, 2009, pp. 107–112.

[162] G. Aloisio et al., “A grid environment for diesel engine chamber
optimization,” Adv. Parallel Comput., vol. 13, pp. 599–607, Feb. 2005.

[163] S. Jeong, S. Hasegawa, K. Shimoyama, and S. Obayashi, “Development
and investigation of efficient GA/PSO-hybrid algorithm applicable to
real-world design optimization,” IEEE Comput. Intell. Mag., vol. 4,
no. 3, pp. 36–44, Aug. 2009.

[164] F. Mohammadkhani, S. Khalilarya, and I. Mirzaee, “Exergy and exer-
goeconomic analysis and optimisation of diesel engine based combined
heat and power (CHP) system using genetic algorithm,” Int. J. Exergy,
vol. 12, no. 2, pp. 139–161, Apr. 2013.

[165] R. Hanson et al., “Piston bowl optimization for RCCI combustion in
a light-duty multi-cylinder engine,” SAE Int. J. Eng., vol. 5, no. 2,
pp. 286–299, 2012.

[166] T. Ramachandran and K. Padmanaban, “Minimization of IC engine
rubber mount displacement using genetic algorithm,” Int. J. Adv. Manuf.
Technol., vol. 67, nos. 1–4, pp. 887–898, 2013.

[167] H. Grosse-Loscher and H. Haberland, “Swarm intelligence for opti-
mization of injection nozzles,” MTZ Worldwide, vol. 71, no. 2, pp. 4–9,
2010.

[168] Z. Du and B. Liu, “Intelligent design of internal combustion engine in
hybrid genetic algorithm,” Appl. Mech. Mater., vol. 26, pp. 186–189,
Jun. 2010.

[169] G. Dellino, P. Lino, C. Meloni, and A. Rizzo, “Kriging metamodel
management in the design optimization of a CNG injection system,”
Math. Comput. Simul., vol. 79, no. 8, pp. 2345–2360, 2009.

[170] S. Lee, D. M. Gonzalez, and R. Reitz, “Effects of engine operating
parameters on near stoichiometric diesel combustion characteristics,”
Univ. Wisconsin, SAE Tech. Rep. 2007-01-0121, 2007.

[171] K. Deb, A. Pratap, S. Agarwal, and T. Meyarivan, “A fast and eli-
tist multiobjective genetic algorithm: NSGA-II,” IEEE Trans. Evol.
Comput., vol. 6, no. 2, pp. 182–197, Apr. 2002.

[172] Y. Shi and R. D. Reitz, “Assessment of multi-objective genetic algo-
rithms with different niching strategies and regression methods for
engine optimization and design,” in Proc. ASME Intern. Combust. Eng.
Div. Spring Tech. Conf., 2009.

[173] H. W. Ge, Y. Shi, R. D. Reitz, and W. Willems, “Optimization of a
high-speed direct-injection diesel engine at low-load operation using
computational fluid dynamics with detailed chemistry and a multi-
objective genetic algorithm,” Inst. Mech. Eng. D J. Autom. Eng.,
vol. 224, no. 4, pp. 547–563, 2010.

[174] S. W. Park, “Optimization of combustion chamber geometry for sto-
ichiometric diesel combustion using a micro genetic algorithm,” Fuel
Process. Technol., vol. 91, no. 11, pp. 1742–1752, 2010.

[175] S. Park, “Optimization of combustion chamber geometry and engine
operating conditions for compression ignition engines fueled with
dimethyl ether,” Fuel, vol. 97, pp. 61–71, Jul. 2012.

[176] A. Horvath and Z. Horvath, “Optimal shape design of diesel intake
ports with evolutionary algorithm,” in Numerical Mathematics and
Advanced Applications. Berlin, Germany: Springer, 2004, pp. 459–470.

[177] M. Kanazaki, M. Morikaw, S. Obayashi, and K. Nakahashi, “Exhaust
manifold design for a car engine based on engine cycle simulation,” in
Proc. Int. Conf. Parallel Comput. Fluid Dyn., Granada, Spain, 2002,
pp. 281–287.

[178] M. Kanazaki, M. Morikaw, S. Obayashi, and K. Nakahashi,
“Multiobjective design optimization of merging configuration for an
exhaust manifold of a car engine,” in Parallel Problem Solving from
Nature—PPSN VII (Lecture Notes in Computer Science), vol. 2439.
Berlin, Germany: Springer, 2002, pp. 281–287.

[179] T. Donateo, F. Tornese, and D. Laforgia, “Computer-aided conversion
of an engine from diesel to methane,” Appl. Energy, vol. 108, pp. 8–23,
Aug. 2013.



628 IEEE TRANSACTIONS ON EVOLUTIONARY COMPUTATION, VOL. 19, NO. 5, OCTOBER 2015

[180] X. Wang, “Parameter determination of dynamic sensor model with par-
ticle swarm optimization technique,” in Proc. Int. Conf. Meas. Technol.
Mechatronics Autom. (ICMTMA), vol. 1. 2009, pp. 43–46.

[181] N. Togun and S. Baysec, “Genetic programming approach to predict
torque and brake specific fuel consumption of a gasoline engine,” Appl.
Energy, vol. 87, no. 11, pp. 3401–3408, 2010.

[182] Q. Y. Niu, C. Fan, X. C. Wang, Y. W. Zhao, and Y. C. Dong, “Research
on the parameter calibration of the internal-combustion engine work
process simulation model,” Adv. Mater. Res., vol. 308, pp. 953–961,
2011.

[183] X. Zheng and J. Wang, “Error analysis on top-surface-flatness of diesel
engine body using FEM,” in Proc. 3rd Int. Conf. Inf. Comput. (ICIC),
vol. 3. 2010, pp. 312–314.

[184] M. Kekez, A. Ambrozik, and L. Radziskewski, “Modeling of cylinder
pressure in compression ignition engine with use of genetic-fuzzy sys-
tem part 1: Engine fueled by diesel oil,” Diagnostyka, vol. 48, no. 4,
pp. 9–12, 2008.

[185] M. Kekez, A. Ambrozik, and L. Radziszewski, “Modeling of cylin-
der pressure in compression ignition engine with use of genetic-fuzzy
system part 2: Engine fueled by fame,” Diagnostyka, vol. 48, no. 4,
pp. 13–16, 2008.

[186] M. Kekez and L. Radziszewski, “Genetic-fuzzy model of diesel engine
working cycle,” Bull. Polish Acad. Sci. Tech. Sci., vol. 58, no. 4,
pp. 665–671, 2010.

[187] L. Radziszewski and M. Kekez, “Application of a genetic-fuzzy sys-
tem to diesel engine pressure modeling,” Int. J. Adv. Manuf. Technol.,
vol. 46, nos. 1–4, pp. 1–9, 2010.

[188] S. Winkler, M. Hirsch, M. Affenzeller, L. Re, and S. Wagner, “Virtual
sensors for emissions of a diesel engine produced by evolutionary sys-
tem identification,” in Computer Aided Systems Theory—EUROCAST
(Lecture Notes in Computer Science), vol. 5717. Berlin, Germany:
Springer, 2009, pp. 657–664.

[189] M. Benz, C. H. Onder, and L. Guzzella, “Engine emission modeling
using a mixed physics and regression approach,” J. Eng. Gas Turbines
Power, vol. 132, no. 4, 2010.

[190] M. Farina, N. Cesario, D. Ruggiero, and P. Amato, “Evolutionary
optimization of parametric models: The test case of combustion in
a diesel engine,” in Soft Computing: Methodologies and Applications
(Advances in Soft Computing), vol. 32. Berlin, Germany: Springer,
2005, pp. 163–176.

[191] M. Kekez and L. Radziszewski, “A genetic-fuzzy system for mod-
elling of selected processes in diesel engine fuelled by biofuels,”
in Biofuel Production: Recent Developments and Prospects. Rijeka,
Croatia: Intech, 2011, ch. 22, pp. 561–576.

[192] F. Feng, D. Zhu, P. Jiang, and H. Jiang, “GA-EMD-SVR condition pre-
diction for a certain diesel engine,” in Proc. Prognost. Health Manage.
Conf. (PHM), Macao, China, 2010, pp. 1–8.

[193] M. Redel-Macias et al., “Noise prediction of a diesel engine fueled
with olive pomace oil methyl ester blended with diesel fuel,” Fuel,
vol. 98, pp. 280–287, Aug. 2012.

[194] M. Kekez and L. Radziszewski, “Modelling of pressure in the injection
pipe of a diesel engine by computational intelligence,” Inst. Mech. Eng.
D J. Autom. Eng., vol. 225, pp. 1660–1670, Aug. 2011.

[195] K.-H. Han and J.-H. Kim, “Quantum-inspired evolutionary algorithm
for a class of combinatorial optimization,” IEEE Trans. Evol. Comput.,
vol. 6, no. 6, pp. 580–593, Dec. 2002.

[196] K.-H. Han and J.-H. Kim, “Quantum-inspired evolutionary algorithms
with a new termination criterion, h ε gate, and two-phase scheme,”
IEEE Trans. Evol. Comput., vol. 8, no. 2, pp. 156–169, Apr. 2004.

[197] A. N. Aizawa and B. W. Wah, “Dynamic control of genetic algorithms
in a noisy environment,” in Proc. 5th Int. Conf. Genet. Algorithms,
vol. 2. 1993, pp. 48–55.

[198] A. N. Aizawa and B. W. Wah, “Scheduling of genetic algorithms in a
noisy environment,” Evol. Comput., vol. 2, no. 2, pp. 97–122, 1994.

[199] J. Branke and C. Schmidt, “Selection in the presence of noise,”
in Proc. Genet. Evol. Comput. (GECCO), Chicago, IL, USA, 2003,
pp. 766–777.

[200] P. Stagge, “Averaging efficiently in the presence of noise,” in Parallel
Problem Solving from Nature PPSN V (Lecture Notes in Computer
Science). Berlin, Germany: Springer, 1998, pp. 188–197.

[201] H. Greiner, “Robust optical coating design with evolutionary strate-
gies,” Appl. Opt., vol. 35, no. 28, pp. 5477–5483, 1996.

[202] A. Sebald and D. B. Fogel, “Design of fault-tolerant neural networks
for pattern classification,” in Proc. 1st Annu. Conf. Evol. Program.,
vol. 684. La Jolla, CA, USA, 1992, pp. 90–99.

[203] J. Branke, “Creating robust solutions by means of evolutionary
algorithms,” in Parallel Problem Solving from Nature—PPSN V
(Lecture Notes in Computer Science). Berlin, Germany: Springer, 1998,
pp. 119–128.

[204] S. Tsutsui and A. Ghosh, “Genetic algorithms with a robust solu-
tion searching scheme,” IEEE Trans. Evol. Comput., vol. 1, no. 3,
pp. 201–208, Sep. 1997.

[205] L. Bull, “On model-based evolutionary computation,” Soft Comput.,
vol. 3, no. 2, pp. 76–82, 1999.

[206] Y.-S. Hong, H. Lee, and M.-J. Tahk, “Acceleration of the convergence
speed of evolutionary algorithms using multi-layer neural networks,”
Eng. Optim., vol. 35, no. 1, pp. 91–102, 2003.

[207] J. Branke and C. Schmidt, “Faster convergence by means of fitness
estimation,” Soft Comput., vol. 9, no. 1, pp. 13–20, 2005.

[208] M. A. El-Beltagy and A. J. Keane, “Evolutionary optimization for com-
putationally expensive problems using Gaussian processes,” in Proc.
Int. Conf. Artif. Intell. (ICAI), Las Vegas, NV, USA, 2001, pp. 708–714.

[209] M. Emmerich, A. Giotis, M. Özdemir, T. Bäck, and K. Giannakoglou,
“Metamodel—assisted evolution strategies,” in Parallel Problem
Solving from Nature—PPSN VII (Lecture Notes in Computer Science).
Berlin, Germany: Springer, 2002, pp. 361–370.

[210] H. G. Cobb, “An investigation into the use of hypermutation as an adap-
tive operator in genetic algorithms having continuous, time-dependent
nonstationary environments,” U.S. Navy Center Appl. Res. Artif.
Intell., Inf. Technol. Div., Washington, DC, USA, DTIC Document,
Tech. Rep. 6760, 1990.

[211] W. Cedeno and V. R. Vemuri, “On the use of niching for dynamic
landscapes,” in Proc. IEEE Int. Conf. Evol. Comput., Indianapolis, IN,
USA, 1997, pp. 361–366.

[212] J. Branke, “Memory enhanced evolutionary algorithms for changing
optimization problems,” in Proc. Congr. Evol. Comput. (CEC), vol. 3.
Washington, DC, USA, 1999.

[213] D. E. Goldberg and R. E. Smith, “Nonstationary function optimization
using genetic algorithms with dominance and diploidy,” in Proc. 2nd
Int. Conf. Genet. Algorithms Appl. (ICGA), 1987, pp. 59–68.

[214] J. Branke, T. Kaußler, C. Smidt, and H. Schmeck, “A multi-population
approach to dynamic optimization problems,” in Evolutionary Design
and Manufacture. London, U.K.: Springer, 2000, pp. 299–307.

[215] J. Branke and H. Schmeck, “Designing evolutionary algorithms
for dynamic optimization problems,” in Advances in Evolutionary
Computing. Berlin, Germany: Springer, 2003, pp. 239–262.

[216] H. Fu, B. Sendhoff, K. Tang, and X. Yao, “Finding robust solutions
to dynamic optimization problems,” in Applications of Evolutionary
Computation (Lecture Notes in Computer Science), vol. 7835. Berlin,
Germany: Springer, 2013, pp. 616–625.

[217] Y. Jin and B. Sendhoff, “Trade-off between performance and robust-
ness: An evolutionary multiobjective approach,” in Evolutionary Multi-
Criterion Optimization. Berlin, Germany: Springer, 2003, pp. 237–251.

[218] Y. Jin, M. Olhofer, and B. Sendhoff, “Dynamic weighted aggregation
for evolutionary multi-objective optimization: Why does it work and
how?” in Proc. Genet. Evol. Comput. Conf., San Francisco, CA, USA,
2001, pp. 1042–1049.

[219] Y. Jin and B. Sendhoff, “Constructing dynamic optimization test prob-
lems using the multi-objective optimization concept,” in Applications of
Evolutionary Computing (Lecture Notes in Computer Science ). Berlin,
Germany: Springer, 2004, pp. 525–536.

[220] K. Yamasaki, “Dynamic pareto optimum GA against the changing
environments,” in Evolutionary Algorithms for Dynamic Optimization
Problems, 2001, pp. 47–50.

[221] M. N. Le, Y. S. Ong, S. Menzel, Y. Jin, and B. Sendhoff, “Evolution
by adapting surrogates,” Evol. Comput., vol. 21, no. 2, pp. 313–340,
2013.

Mohammad-H. Tayarani-N. received the Ph.D.
degree in computer science from University of
Southampton, Southampton, U.K., in 2013.

He is a Researcher with University of
Birmingham, Birmingham, U.K. His research
interests include evolutionary algorithms, machine
learning, and fractal image compression.



TAYARANI-N. et al.: META-HEURISTIC ALGORITHMS IN CAR ENGINE DESIGN: A LITERATURE SURVEY 629

Xin Yao is a Chair (Professor) of Computer
Science and a Director of the Centre of Excellence
for Research in Computational Intelligence and
Applications with University of Birmingham,
Birmingham, U.K. His research interests include
evolutionary computation and ensemble learning.
He has published over 200 refereed papers in
international journals.

Prof. Yao received the 2001 IEEE Donald G. Fink
Prize Paper Award, the 2010 IEEE TRANSACTIONS

ON EVOLUTIONARY COMPUTATION Outstanding
Paper Award, the 2010 BT Gordon Radley Award for the Best Author
of Innovation (Finalist), the 2011 IEEE Transactions on Neural Networks
Outstanding Paper Award, the prestigious Royal Society Wolfson Research
Merit Award in 2012, and the IEEE Computational Intelligence Society (CIS)
Evolutionary Computation Pioneer Award in 2013, and also several other
best paper awards. He was an Editor-in-Chief of IEEE TRANSACTIONS ON

EVOLUTIONARY COMPUTATION from 2003 to 2008. He will be President of
the IEEE CIS from 2014 to 2015.

Hongming Xu is a Professor of Energy and
Automotive Engineering with University of
Birmingham, Birmingham, U.K. He has six years
of industrial experience with Jaguar Land Rover,
Coventry, U.K., and Premier Automotive Group
of Ford. He has published over 200 journal and
conference publications/presentations on engine
flow, combustion, emissions, and transient operation
control involving both experimental and modeling
studies.

Prof. Xu was a member of Ford HCCI Global
Steering Committee, as well as Project Manager and a Technical Leader
of U.K.’s Foresight Vehicle LINK projects CHARGE and CHASE from
2002 to 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


