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The paper is a continuation of the publication under the title “Acoustic diagnostics applications in
the study of technical condition of combustion engine” and concerns the detailed description of decision
support system for identifying technical condition (type of failure) of specified combustion engine. The
input data were measured sound pressure levels of specific faults in comparison to the noise generated
by undamaged motor. In the article, the whole procedure of decision method based on game graphs is
described, as well as the interface of the program for direct usage.
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1. Introduction

The non-invasive diagnostics of internal-
combustion engines are very interesting and desirable
way to determine the occurring problems, because
of the fact that they do not involve interference
in the structure or disassembly of construction to
identify a specific failure (Luft, 2010). Several
methods of non-invasive engine testing were already
proposed including the measurements of pressure and
vibrations (Zhen et al., 2013; Barelli et al., 2008;
Carlucci et al., 2006; Ranachowski, Bejger,
2005). It is important to test engine operating pa-
rameters during the manufacturing process as well
as in its subsequent operation (Teodorczyk, 2010).
This allows to determine the optimal parameters
of engine operation. The development of acoustic
diagnostics is a promising method for quick and
simple identification of engine damage. This method
is nowadays widely used in a range of applications,
especially in the field of machines testing (Kirpluk,
2012; Osiński, Kollek, 2013; Serdecki, 2012).
The acoustic diagnostic method is based on the

measurements of pressure wave spectrum, in par-
ticular the noise generated by engine during its
exploitation. The detailed description of acoustic
diagnostic method and results of measurements
were described in previous article titled “Acoustic
diagnostics applications in the study of technical
condition of combustion engine”. The aim of present
publication is to present an algorithm of decision
support system for identifying engine failures. In
the literature, some other signal analysis algorithms
related to fault diagnostics may be found (Wu, Liu,
2009; Wu, Chen, 2006; Adaileh, 2013; Elamin
et al., 2010; Ettefagh et al., 2008; Głowacz,
Kozik, 2013; Głowacz, Głowacz, 2010; Głowacz,
2014; 2015; Wu, Kuo, 2009a; 2009b; Sobański,
Orłowska-Kowalska, 2015). Proposed in this
paper decision method based on game graphs is a
powerful tool for failure detection using measured
sound pressure spectrum of operating engine. Game
graphs have been used as a generate-and-test (search)
tool (Deptuła, 2015) and in the optimization of
hydraulic properties of machine systems (Deptuła,
Partyka, 2014; Deptuła, 2014).
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2. Sound pressure measurements

The measurements on a Fiat diesel engine with
common-rail system were performed in order to pre-
pare the accurate diagnostic maps. Comparison of
acoustic pressure level between not warmed-up and
warmed-up engine was the first step. Then four dif-
ferent cases with induced engine damages were ex-
amined: disconnected boost pressure sensor, discon-
nected camshaft position sensor, disconnected injec-
tor No. 2 and disconnected fuel pressure sensor. Mea-
surements consisted of comparing the sound pressure
level of specific frequencies for motor operation with
induced defects with the smooth operation of the en-
gine. All the data were collected for two engine speeds
1,000 rpm and 2,000 rpm. Dedicated test rig and mea-
suring equipment were used in order to achieve acous-
tic wave spectrum for different cases of induced engine
faults, including modular sound pressure level meter
with the record time history and analysis of the fre-
quency with preamplifier and microphone. More de-
tailed description of measurements procedure may be
found in the article “Acoustic diagnostics applications
in the study of technical condition of combustion en-
gine”.

3. Method of decision trees

In order to create the method of decision trees it
is possible to use heuristic search methods (Divina,
Marchiori, 2005). Actions undertaken while the
problem is being solved can be classified as searching
of objects of the specified characteristics. For the iden-
tification of the type of engine damage, rules of proce-
dure by the generate-and-test method focused on test-
ing of a given property of an acoustic signal have been
used.
An oriented graph can be defined as an ordered

pair of sets. The graph vertices are included in the
first one, whereas graph edges, that is an ordered pair
of vertices, are included in the second one (Fig. 1).

Fig. 1. An oriented game graph.

The oriented game graph shown in Fig. 1 is com-
posed of a set of vertices Q:

Q = {q1, q2, q3} (1)

and of a set of edges Z, that is an ordered pair of
vertices:

Z = {z1, z2}. (2)

As a result of a graph distribution from the chosen
vertex, a tree structure with cycles is obtained in the
first step and then, a general game tree structure is
obtained. Each of them has an appropriate analytical
formulation G+

i and G
++
i .

A game tree structure is a part of the systematic
searching method. The algorithm of the game graph
distribution on the game structure is presented among
others in papers (Deptuła, Partyka, 2011). A start
vertex qi is chosen in the first step. Acting in accor-
dance with the algorithm and assuming that the start
vertex is q1, it is possible to transform the oriented
dependence graph presented in Fig. 1 into an analyti-
cal formulation G+

q1 , and then we obtain the following
formulation as a result of the operation (3)

G+
1 = (0q1(

1z1q3(
2z1q1, z2q3)

2,

z2q2(
2z1q3, z2q3)

2)1)0. (3)

It is possible to return to an earlier vertex and even
to a start vertex from an appropriate end vertex, so we
obtain a game tree structure presented in Fig. 2.

Fig. 2. A game tree structure with cycles with the start
vertex q1.

When we change cycles in the structure shown in
Fig. 2 into decisions and/or expressions we obtain a
game tree structure presented in Fig. 3.
Four terms are defined in order to create a deci-

sion support system: elements of the system, relations,
properties of elements and the objective function.
It can be assumed that elements of the system form

the set Q, relations – the set Ω, properties of elements
– the set Γ , the objective function – F .
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Fig. 3. A game tree structure with the start vertex q1.

It can be assumed that states of the engine are
elements of the set:

Q = {X0, X1, X2, . . . , Xi, . . . , Xm}, (4)

where Xi – i-th engine damage, if Q is a finite set.
For a given object Xi ∈ Q it is possible to differen-

tiate a certain level of sound pressure Ãi. Then, sound
pressure values, as possible states of the analysed dam-
age Xi will be a finite set in this domain

+Ãi = {ai,1, ai,2, ..., ai,j , ..., ai,w}, (5)

where elements ai,j for i = const and j = 1, 2, ..., mean
highlighted values in this domain (frequency) Ãi. Val-
ues of differences in the level of sound pressure ∆L for
the frequency f [Hz]: {6.3 Hz, 8 Hz, 10 Hz, ..., 20 kHz,
A, Z} will be included in the analysis.
Taking into consideration the applied description

of a decision system, the state of the system [Q] in a
given domain is a vector in the following form:

a = [a1,j1, a2,j2, ..., ai,ji, ..., am,jm] , (6)

where the coordinate a1,j1 represents a damage X1 in
the domain Ã1, the coordinate a2,j2 represents a dam-
age X2 in the domain Ã2, the coordinate a1,j2 repre-
sents a damage X2 in the domain Ã1.
It is necessary to define the relation of the measured

values of sound pressure levels values of given damages
Xi in order to differentiate damages. The set Πs com-
posed of the ordered pairs (Xi, Xj) can be called the
relation on the set Q. The set Πs is a subset of the
Cartesian product Q×Q and has the following form:

ΠS = {(Xi1, Xj1), (Xi2, Xj2), ..., (Xis, Xjs)} , (7)

where is, js are specific values of the sound pressure
level of a given damage.

Relations of different kinds can occur among sound
pressure values e.g. arithmetic (signs +, −), causal,
logical, reciprocal and this is why the set of possible re-
lation types in the decision system [Q] among damages
Xi is taken into consideration and it has the following
form:

ΠS = {Π1, Π2, ..., ΠS , ..., Πr},

where Πs ∈ Π is a set from the expression (7).
An example of a graph of relations Πs for damages

Xi = X5 is presented below.
For the analysis of a decision making system in the

evaluation of the current state of relations (and then
the kind of damage), each pair (Xi, Xj) ∈ Πi

S occur-
ring in the relation XiΠSXj has to have a set of possi-
ble values which are taken by the relation Πs between
objects Xi and Xj . Such a set can be presented in the
following form:

+Πi,j
s =

{
δi,js , δi,js,2, ..., δ

i,j
s,k, ..., δ

i,j
s,w

}
, (8)

where δrs,k is a possible highlighted value.
When searching a game graph, there will be a pos-

sibility of determining the kind of damage Xi in the
scope of the relation of the Πs type by means of defin-
ing highlighted values.
Such a state can be presented in the following form

of a vector:

Πi
s =

[
δis(j1), δ

i
s(j2), ..., δ

i
s(jn)

]
. (9)

In case of our analysis, there is the following com-
bination table (Fig. 4):

X1 – disconnected boost pressure sensor,
X2 – disconnected shaft position sensor,
X3 – disconnected injector No. 2,
X4 – disconnected fuel pressure sensor,
{A1, A2, A3, ..., Ai, A, Z} – frequency,
ai,j – sound pressure values of j-th damage in i-th

domain,
δis(ji) – a highlighted value.
It is possible to create a game graph for the above

table as shown in Fig. 5.
The algorithm of the game graph distribution

is connected with the choice of searching states
(of the sound pressure values) of a given damage
and “determining” the highlighted value set ΠS =
{Π1, Π2, ..., ΠS , ..., Πr} by the graph. In this way, high-
lighted values δis(ji) are determined for each damage
X1, X2, X3, and X4. The search is made from the last
checked vertex along the unsearched edge. The evalu-
ation of nodes properties: as11,j1, a

s2
1,j1, a

s1
3,j1 ... etc., de-

pends strictly on the properties of their parents (dam-
ages: X1, X2, X3 and X4). Greedy searching choses a
locally optimum (the best at the moment) highlighted
value in each step.
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Fig. 4. The morphological table.
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Fig. 5. A game graph for the morphological table.

4. The calculations of engine failure
identification

In this section an analysis of damages in a combus-
tion engine on the basis of the engine acoustic signals
acquisition is described. In Figs. 6–9 the sound pressure
levels comparison of different engine conditions are pre-
sented. Figures 6 and 7 compare warmed-up and not
warmed-up engines operating with rotational speed of

Fig. 6. Graph of sound pressure level for the speed of 1,000 rpm.

1000 rpm and 2000 rpm respectively. Figures 8 and 9
show acoustic sound levels of specified failures: discon-
nected boost pressure sensor (failure I), disconnected
camshaft position sensor (failure II), disconnected in-
jector No. 2 (failure III), disconnected fuel pressure
sensor (failure IV) in comparison to proper operation
of engine.
Based on the acquired measurements results, the

morphological table for this specific case was prepared
as shown in Table 1.
For data included in morphological table (Table 1)

it is necessary to create the game graph presented in
Fig. 10. A game graph G as a “calculation unit” pre-
sented in Fig. 11 is analysed.
The sets of highlighted value presenting features of

sound pressure values for a given damage have been ob-
tained as a result of an analysis. The above summaries
make it possible to create a measuring ladder, which
will make it possible to determine the type of engine
damage on the basis of sound pressure measurements
on chosen frequencies.
For example the following formulation:

+Πi,1
s =



δ117,2

(
a
s1(−)
17,j1 , a

s2(−)
17,j1

)
δ120,2

(
a
s1(−)
20,j1 , a

s2(+)
20,j1

)
δ125,2

(
a
s1(+)
25,j1 , a

s2(−)
25,j1

)
δ130,2

(
a
s1(+)
30,j1 , a

s2(−)
30,j1

)


means that the detection of the damage 1 will
be based on the identification whether for the fre-
quency 250 Hz for rotational speeds 1000 and 2000
δ117,2(a

s1(−)
17,j1 , a

s2(−)
17,j1 ) there is a negative difference of

sound pressures in relation to the pressures of an op-
erating engine or whether there are alternate signs of
sound pressure for the frequency 500 Hz and the rota-
tional speeds 1000 and 2000 δ117,2(δ

1
20,2(a

s1(−)
20,j1 , a

s2(+)
20,j1 )),

therefore, in example (see Fig. 12).
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Fig. 7. Graph of sound pressure level for the speed of 2,000 rpm.

Fig. 8. Graph of sound pressure level for the speed of 1,000 rpm – all failures comparison.

Fig. 9. Graph of sound pressure level for the speed of 2,000 rpm – all failures comparison.
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Table 1. Morphological table of measurement results.

The difference in sound pressure
Damage number
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Fig. 10. Game graph for engine failure identification.

Fig. 11. A part of a graph search algorithm code and the scheme of calculation units.
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+Πi,1
s =



δ117,2

(
a
s1(−)
17,j1 , a

s2(−)
17,j1

)
δ120,2

(
a
s1(−)
20,j1 , a

s2(+)
20,j1

)
δ125,2

(
a
s1(+)
25,j1 , a

s2(−)
25,j1

)
δ130,2

(
a
s1(+)
30,j1 , a

s2(−)
30,j1

)



+Πi,2
s =



δ23,2

(
a
s1(−)
3,j1 , a

s2(+)
3,j1

)
δ211,2

(
a
s1(−)
11,j1 , a

s2(−)
11,j1

)
δ214,2

(
a
s1(−)
14,j1 , a

s2(−)
14,j1

)
δ222,2

(
a
s1(−)
22,j1 , a

s2(−)
22,j1

)
δ233,2

(
a
s1(−)
33,j1 , a

s2(+)
33,j1

)



+Πi,4
s =



δ42,2

(
a
s1(−)
3,j1 , a

s2(+)
3,j1

)
δ411,2

(
a
s1(+)
11,j1 , a

s2(+)
11,j1

)
δ431,2

(
a
s1(−)
31,j1 , a

s2(−)
31,j1

)
δ434,2

(
a
s1(−)
34,j1 , a

s2(−)
34,j1

)
δ435,2

(
a
s1(−)
35,j1 , a

s2(−)
35,j1

)


Fig. 12. Detection of engine damage based on sign comparison.

If features such as signs do not characterise the
belonging to a given damage, then it is possible to
take into consideration values or deviations occurring
in the measurement of the sound pressure level.

5. Computer – integrated decision
support system

As the most advanced form of substantially inte-
grated system can be integrated system, resulting from

Fig. 13. Decision support system.

the integration of complex systems-aided management
of complex systems supported decision-making.
All operations were made in the real time during

normal exploitation of the motor housing. On the basis
of the results received from the inference mechanism,
resulting from the correlation between acoustic signals
measured in a continuous manner and model signals
placed in the data base, there would be identification of
the influence of particular signals from microphone on
the chosen parameters of the motor housing (Fig. 13).
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To create a decision support system used CAKE
system (Computer Aided Engineering Knowledge)
for the implementation of computer-aided application
domain-system PC-Shell expert. The main tasks of the
system is:

• automatic generation of a knowledge base in bi-
nary form, which is not subject to the process of
translation, the appropriate structures inference
module will be filled in automatically,

• defining the knowledge stored in binary system
based on passwords and permissions,

• efficient and ergonomic knowledge base manage-
ment through tools in the form of specialized edi-
tors blocks of knowledge bases.

The following algorithm is proposed (Fig. 14).

Fig. 14. Identification algorithm engine damage.

In the first stage, data is generated for Matlab,
where the file is created dane.mat. Then it creates a
morphological matrix (Fig. 15).
For the analysis of graphs playmakers parametri-

cally used original program and Gephi program. Gephi
is an open-source software for visualizing and analyzing
large networks graphs. Gephi uses a 3D render engine
to display graphs in real-time and speed up the explo-
ration. In the first stage, the program reads data using
DataLaboratory (Fig. 16).

a)

b)

Fig. 15. Fragments of the source files: a) dane.mat,
b) obliczenia.m.

Next it generates a game graph G as a “calculation
unit” (Fig. 17).
The sets of highlighted values presenting features of

sound pressure values for a given damages have been
obtained as a result of an analysis. The above sum-
maries make it possible to create a measuring ladder,
which will make it possible to determine the type of
engine damage on the basis of sound pressure mea-
surements on chosen frequencies.
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Fig. 16. Loading a matrix of morphological – DataLaboratory.

Fig. 17. Interface user computing – game graph.

6. Conclusions

The authors proposed in the paper decision method
for identifying engine failure based on sound emission
spectral characteristics. It allows fast identification of
specific engine damage. The complete procedure of
fault engine diagnostics proposed by authors include
several steps. Firstly, the precise sound pressure level
characteristics of operating engine need to be obtain
for efficient and damaged engine in order to gain engine

acoustic maps. The next step is to implement a graph
based on the measurement results collected in the form
of table. In the decision algorithm, the results are red
directly from the prepared table. The game graph, tak-
ing into account the search algorithm, finds a charac-
teristic features, points and values (individual for each
engine damage) by which the acoustical spectrum may
be assigned to specified type of damage. The method
based on game graphs allows to determine technical
condition of engine using a small number of measure-
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ments. In the paper, a complete program for decision
support system was shown, which may be successfully
used for subsequent measurements on the same engine
and engines of the same kind.
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