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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;
CARrLucct 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; OsiNskI, 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; GLOWACZ,
Kozik, 2013; GLowACz, GLOWACZ, 2010; GLOWACZ,
2014; 2015; Wu, Kuo, 2009a; 2009b; SOBANSKI,
ORLOWSKA-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 (DEPTULA, 2015) and in the optimization of
hydraulic properties of machine systems (DEPTUELA,
PARTYKA, 2014; DEPTURA, 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 (D1vINa,
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= {Qh qz, Q3} (1)

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

Z = {21, 2’2}. (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 and G} .

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 (DEPTURA, PARTYKA, 2011). A start
vertex ¢; is chosen in the first step. Acting in accor-
dance with the algorithm and assuming that the start
vertex is qp, it is possible to transform the oriented
dependence graph presented in Fig. 1 into an analyti-
cal formulation G;‘l, and then we obtain the following
formulation as a result of the operation (3)

Gf = Ca(lzg(Caiqr, 2203)%,
Z2Q2(221QS7 22(13)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.

q,

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

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 @, relations — the set {2, properties of elements
— the set I, the objective function — F.
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Fig. 3. A game tree structure with the start vertex gqi.

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

Q:{XOu X17X27"'7Xi1"'7X’m}7 (4)

where X; — i-th engine damage, if () is a finite set.

For a given object X; € @ it is possible to differen-
tiate a certain level of sound pressure A;. Then, sound
pressure values, as possible states of the analysed dam-
age X; will be a finite set in this domain

tA; = {ain,ai2, iy ooy Qi }s (5)

where elements a; ; for i = const and j =1, 2, ..., mean
highlighted values in this domain (frequency) A;. Val-
ues of differences in the level of sound pressure AL 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,j1,02,42; -, Qi jiy -y O jm)] 5 (6)

where the coordinate a; ;i represents a damage X; in
the domain gl, the coordinate as jo represents a dam-
age Xs in the domain zzlvg, the coordinate a jo repre-
sents a damage X5 in the domain Zl,

It is necessary to define the relation of the measured
values of sound pressure levels values of given damages
X, in order to differentiate damages. The set IT; com-
posed of the ordered pairs (X;, X;) can be called the
relation on the set ). The set I, is a subset of the
Cartesian product @ x @ and has the following form:

IIs = {(Xi1, Xj1), (Xi2, Xj2), ooy (Xis, Xjs)},  (7)

where i,, 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 [@)] among damages
X is taken into consideration and it has the following
form:

IIg = {1y, I, ..., g, ..., I},
where IT; € IT is a set from the expression (7).

An example of a graph of relations 1, for damages
X; = 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 (X;, X;) € II§ occur-
ring in the relation X; /15X ; has to have a set of possi-
ble values which are taken by the relation I7T; between
objects X; and X;. Such a set can be presented in the
following form:

T = {619,000 0L (8)
where d ;. is a possible highlighted value.

When searching a game graph, there will be a pos-
sibility of determining the kind of damage X; in the
scope of the relation of the IT; type by means of defin-
ing highlighted values.

Such a state can be presented in the following form
of a vector:

T2 = [62(j1), 0%(42) -y 65 ()] - (9)

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

X1 — disconnected boost pressure sensor,

X5 — disconnected shaft position sensor,

X3 — disconnected injector No. 2,

X4 — disconnected fuel pressure sensor,

{A1, Ay, As, ..., A;, A, Z} — frequency,

a;; —sound pressure values of j-th damage in -th
domain,

8%(j;) — 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 IIg =
{II, I, ...,IIg, ..., II,.} by the graph. In this way, high-
lighted values 6°(j;) are determined for each damage
X1, X2, X3, and Xy4. The search is made from the last
checked vertex along the unsearched edge. The evalu-
ation of nodes properties: aj’;, aj%;, a3l ... etc., de-
pends strictly on the properties of their parents (dam-
ages: X1, Xo, X5 and X4). Greedy searching choses a
locally optimum (the best at the moment) highlighted
value in each step.
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X, X, X, X,
Frequ .
ency 1,000 2,000 5,-(1 ) 1,000 | 2,000 51‘(2 ) 1,000 | 2,000 51‘ (3 ) 1,000 | 2,000 5; (41.)
4 | pm | rpmo | UV pmoforpmo | AT rpm | rpme | TSR rpm | rpm
1
sl s2 1 sl s2 1 sl s2 1 sl s2 1
A ajji aj;i s (11) a2 aj2 55 (21) ap;s aj sz 55 (31) ajj4 ajj4 55 (41)
2
sl s2 s (12) sl s2 2 sl 52 2 sl s2 2
Ar | azji azji ' a2 | a2 6(2,) | azys™ | a2js™ | 67(3,) |azyd® | azd™ | 6.(4,)
3
A sl s2 6; (13) sl s2 53(2 ) sl s2 53 (3 ) sl s2 53(4 )
3 asji asji as 2 as 2 s <3 as ;s as ;s PAGE! as,jq4 as,jq s \ T3
4
A sl s2 (5.\' (14) sl s2 54 (2 ) sl s2 54 (3 ) sl 52 54 (4 )
4 aqji aqji ayq 2 ay,2 s \“4 ayq;3 ayq;3 s \O4 Ayj4 Aayqjq s \ 4
S
A sl s2 5s (15) sl s2 55 (2 ) sl 52 55 (3 ) sl s2 55 (4 )
5 as,ji as,ji as,2 as,j2 s\4s) | ds3 | ds,3 s Os) | asj4 | Asj4 s \Ts
6
A sl s2 é‘x (16) sl s2 56 (2 ) sl 52 56 (3 ) sl s2 56 (4 )
6 aejl aeji ae,j2 ae,j2 s \ 46 ae;3 ae3 s \J6 ae,j4 ae,jq s (Fe
7
A sl 52 é‘s (17) sl 52 57 (2 sl s2 57 (3 ) sl 52 57 (4 )
7 azji azji az2 ay ;2 s 7) az;s az;s s 07 azj4 azj4 s \ T
35 K N S S S
y sl 2|0 (135) 035,_/2§ 2 | §3(2 6135,]‘3s 6135,_/‘5’S 5503 6135,/45 6135,,'43 55 (4
35 ass;ji assji 1 ass2 s ( 35) 1 2 s ( 35) i 2 s ( 35)
36 S 36 S S 36 N S 36
y sl 52 5: (136 ase,2 52 55 (236) ase;3 | A36,3 ‘i (336) asejq4 | A36,4 55 (436)
36 aseji aseji 1 ase;2 1 2 1 2
A
A sl s2 §s (IA) sl s2 §A (2 ) sl s2 §A (3 ) sl s2 §A (4 )
ay,ji ayji ay,2 ay;2 s \44) | Qa3 aqs s \P4) | Aaja | Quj4 s (%4
52 7 52
azji 57(1,) azs . .
sl 7 s \1z sl 52 Z sl 7 A sl 52 A
z azji ’ az;: azp 57(2,) az;s 5'(3,) azji | azi” | 9 (4,)
i1 _ oil il i1 i1 i,3 _ (o3 i3 i,3 i,3
HIZ = {84%, 855, we) O s s O} I = {85,655, ) Ourr s Bsis}
2 _ (o2 oi2 i,2 i,2 i4 _ (oi4 oi4 i4 i4
HIZ? = {847,005, ) O s Ogis} 1YY = (824,825, ) 80k, oe) Ooim

I ={I1,,I,,....IT,... IT, }
Fig. 4. The morphological table.
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HS — {Hlf Hz, ey

.., I}
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

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 IT), 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:

1 s1(=) s2(-)
17,2 (%7,]‘1 417 41
1 s1(=) s2(+)
920,2 (azo,jl » Q20,51
1 s1(+) s2(-)
525,2 <a257j1 » Qo5 41

1 s1(4) s2(-)
30,2 (ago,jl » A30,51

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
5%7,2(“?%55)@;?,(]‘_1)) 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 81, (83 5 (a50' 1, asg 1)),
therefore, in example (see Fig. 12).

+Hi71 —_

Sound pressure level [dB]

1 L P T R N R S |

—— not warmed-up engine
--- warmed-up engine

i L ' P R R |

10! 10!

10* 10t

Frequency in logarithmic scale [Hz]

Fig. 6. Graph of sound pressure level for the speed of 1,000 rpm.
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Sound pressure level [dB]

Real difference in sound pressure level [dB]

Fig.

Real difference in sound pressure level [dB]

Fig. 9. Graph of sound pressure level for the speed of 2,000 rpm — all failures comparison.
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Fig. 7. Graph of sound pressure level for the speed of 2,000 rpm.
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Frequency
6.3 Hz

8 Hz

10 Hz
12.5 Hz
16 Hz
20 Hz
25 Hz
31.5Hz
40 Hz
50 Hz
63 Hz
80 Hz
100 Hz
125 Hz
160 Hz
200 Hz
250 Hz
315Hz
400 Hz
500 Hz
630 Hz
800 Hz
1 kHz
1.25 kHz
1.6 kHz
2 kHz
2.5kHz
3.15 kHz
4 kHz
5kHz
6.3 kHz
8 kHz
10 kHz
12.5 kHz
16 kHz
20 kHz
A

Z

Table 1. Morphological table of measurement results.

The difference in sound pressure
Damage number

X X, X, X,
1000 2000 | 1000 2000 | 1000 2000 | 1000 2000
rpm rpm rpm rpm rpm rpm rpm rpm

A4 253 1.09| -327 087 042 131| 206 096

4z 051 -0.58| 028 -1.05| 13.07 499 235 025

As 0.12 051 -095 14| 156 042 072 067

Ay 028 044 233 185| 014 175 1.8 1

As 072 -0.14| 275 147| 341  393| 196 -0.43

As 0.78 084 26 -139| 047 02| 17 -0.56

47 113 145 388 135 143 74| 246 078

As 05 096| 224 -089| 017 254| 166 2.07

Ay 091 07| -1.08 1| 207 2265 o011 216

A 0.09 0.12| -08 14| o911 23| 014 249

Al 035 032] 135 -136| -128 397 067 0.1

Az | 105 -007| 221 056 577 338 04 024

A 12 008 -12 17| 581 1888| -137 191

A 0.64 131| -047 -0.16| 606 7.03| 001 052

As | 034 052 -002 -17| 39 718 01 -0.73

Ass 13 376| 384 31| 244 -002| 207 -248

A | 062 -014] 019 -1.63| 193 1265 029 -0.64

Ais | 141 <154 019 14| 006 -1.67] 073 -1.68

A | 025 073 257 12| 045 548 063 -0.55

Ao | 032 125 -1.06 -0.59| -046 -1.43 1043

Az 1.9 097 224 096 063 211| 112 085

4n | 056 0001| -1.62 -006 067 002 026 0.3

As | 069 022 075 001 05 207 064 0.3

A | 091 016 092 058 099 282 057 043

Azs 025 -031| -036 -026| 031 1.02| -1.12 -0.63

A | 018 059 038 -13| 074 -1.85] 074 -2.02

Az | 01 <066 -1.9 -1.08] 027 -1.04| -1.09 -1.74

As | 027 04| 047 054 o016 02| 051 -1.06

A 11 03| 286 008] -121 0.12| -138 -0.37

Aso 045 -004| 076 -029| 033 029 -082 -0.48

Asi 03 01| -1.16 009 -0.12 123 029 -0.12

A2 | 056 -0.02| -149 -042| 039 -0.05 1 -127

A | 069 -0.09] 086 004 013 -022] 033 -048

A | 073 028 098 045 -1.05 049 035 -035

Ass | 056 019 052 034 -14 024 066 -0.08

Ass 029 051 033 081| 017 022| 146 085

A4 031 033 095 -0.54| 014 056 078 -0.86

Az 043 -076] 206 098] 039 411| 143 091
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é‘1]7‘2(5111,/1\[(7)’5’17\/1‘\2(7)%
+yil 52]0.2(a20~/'1m7)’azo‘jlxzw)
Y ox X x I = 571“(a7q “\.uﬂ’a7§ “\2( ))
1525 A3,4y 25.2\%25,, 25,,
éizlo‘:(azo_nm”aazo./1'\2(7))
A LA AL LA, 5;2 (asvﬂsl(—)’al/l\zu)),
> 52 (a _vu—) ))
11,2\ 1 11/1
+Hi‘2 = 5124,2(‘714,/1'”(7) ay, ,1 ))
222,2(022,»/1'\‘1(7)’azz,ﬂu(i))
5323.2(a33_,1‘\](7)’033,/1”“))
567("6 /1 ac it (+>)’
524.2(03‘,1\1(”,aa‘,-l”(”), 17 z(ap /1\1(+)’a12,”,\2(+))
”,(a” /1\1(+)’a“‘/‘1.\2(+)) 5132 2(013 ”,\I(+)’al3‘j]>\.2(+))
+H.’;4 = uv(azl /l\l(i)’a‘%l,/l’\}z(i)) +Hiﬁ3 =<0, 2(a17 /ISIH),GHM/IQH))
ua(am/fu) am;fu)) 5&;(¢hq,f”7hfﬁm,fu+))
5345.2(a35.fl'\l(_)’ass.flm_)) Oy 7( Ay, /lsl(+)’az4~,/1l\2(+))
5330‘2(033,./1l\](+)’azo‘,/l'\zw)

Fig. 10. Game graph for engine failure identification.

// parentsOf (x,G) 1s a list of the parents of node x in graph G

vector<Node> parentsOf (node x, graph G)
{ vector<Node> parents; // create empty list of nodes

for (i=0; i< G.edges (). size(); i++)

if (G.edges [i].destination ()==x)
parents.push back(G.edges [i1]. source ());

return (parents) ;
}
// If G is a graph and C, P are lists of nodes, then //
nodesWNparentsInP(G, C, P, N) is a list of the nodes in C
// with exactly N parents in P.

vector<Node> nodesWNParentsInP (gtaph G, vector<Node> C, vector<Node> P, int N)
{ vector<Node> returnlList; //The return list begins as empty.

for(i=0; i < C.size(); i++ // Then, for every node in C,
{ parents= parentsOf(C[i], G);

count=0;

// compare each of the node's parents to each node in P,

// and count the number of matches.

for(j=0 j < parents.size (); Jj++)

for (k=0; k < P.size (); k++)
if (parents [j]1==P[k])
count++;

// If the final count is N, add the node to the return list.

if (count==N) returnList.push pack(C[i]);
}
return (returnlList);
}

Fig. 11. A part of a graph search algorithm code and the scheme of calculation units.
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17 , (ai;(—l aii( 1)) Damage 1 1,000 rpm 2,000 rpm
/ g Frequency [Hz] Difference sign of the sound
ael( ) s2(+) pressure
, 0,2\ 420,51 » 420,51 250 _ ;
+Hz,1 —
s s1(+) 92( 500 - o
25 2| Qa5 515 25,31 1600 + -
5000 + =
s1(+)  s2(—
830 2(“30 312 330,51 )
5?2) , (a§1(1 ) a§2(1+)) Damage 2 1,000 rpm 2,000 rpm
' / o) / o) Frequency [Hz] Difference sign of the sound
1 2
6% 2(‘1;1 g1 il,_]l ) 10 pressure n
+H;,2 = 5142<ai4j1,a14’ﬂ) 16235 - -
s1(—
639 2 (a22 1 ’CL22,J1 ) 13880 : J'r
2 s1(—
033 2(“33 51 ,a33 41 )
52 5 (ail(l ) a§2(1+)) Damage 4 1,000 rpm 2,000 rpm
/ “ / - Frequency [Hz] Difference sign of the sound
1(4 2(+
e 2<ai1 g1 il 1 ) g pressure m
4 _ s1(=)
It = 31 2(a31 g1 31,31 ) 62?)0 * +
034 2(“34 i) 34,;1 ) }2(5)88 : :
35 2(“35 i1 ’a35,_]1 )

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

f=]

e

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).

Y

Parameterization

Motor housing

Measuring system

-~ Interference
mechanism

.

Game graphs,
neural network
or
inductive
classifier

Data praparation
system

L PR L P e

User interface |-

Fig. 13. Decision support system.
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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:

e 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,

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

e 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).

Register acoustic signals of engine L,,,

NS

Calculate engine differences
in acoustic signals AL

\Z

Determine the type of damage
0={X, X;, X,,... X....X}

N/

Build a morphological table for:
8:(fi) 0 =1{X, X;, X5,...X,..X,)}
a = [a; 1,8 jpse s jise++s8pm jm]

N/

Build a dependency game-graph

N/

Calculate a set of highlighted values
My = {11, I, ..., O, ..., I}

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)
| Workspace
) m B o B | Stacicl Base |+ || @S&!Iecﬁdaiato plot

Value Min Max
<1x38 double> -25.80... 91.5100
<1x38 doublex 16,5400 94.6100
<1x38 double> -26.27... 90.5100
<1x38 double= 16,8300 94.7600
<1x38 double> -27.01.. 921400
<1x%38 double> 174300 94.5400
<1x38 double> 63000 24000
‘dane.mat’
<1x38 double> -23.79... 67.9900
<1x38 double> -23.591... 87.6200
<1x38 double> 16.6400 96.2800

. <1x38 double> -24.16... 904700
<1x38 double= 13.4900 99.6300
<1%38 cell>
‘C\Users\Adam Dept...
<1x38 double> -23.74... 90.0300
<1x38 double> 16.5700 95.5200

<138 double> -30.59... 80.2536

b)
= Editor - CA\Users\fdam Deptula\Desktophdane\obliczenia.m
File Edit Text Go Cell Tools Debug Desktop Windaw H

NEHE| @B oL % - | M e |-
BB -[o |+ | +[a |x |20,

1- cls

2 - clear all

3 = cloa= =211

4 % wozytanie aygnakdw

5 = [filename, pathname] = uigecfile{'=.mac’, "
5 = lead([pachname, '\ ', filanare]}

7

B

] % uszrkoodrenia

10 % I - Cdiacrony crujnik cifnienia doiadowa
11 % II - Cdiaczony czujnik poiorenia wakika
12 % III - Cdiaczony wWoryskiwacz nr 2

13 * IV - Odiaczony czujnik cidnienia paliwa
13

15 % uazk 1000_I - uszkKodzenie dla 1000 obr n
16 ¥=10*LOG10 (MODUL.LICZBY (10~ ("1000 obr' 'HS/S
17

18

19 &% cbroty 1000

20 = wazk_1000_I=10+*logld(aba(10." (xezgrzany_10
21 = wazk_1000_II=10+*loglld{aka(l0.” (rozgrzany_1
22 = uszk_1000_III=10+*logld{aba(l0."{(zozgrzany_
23 - wazk_l000_IV=10+logld{aka(l0." (zozgrzany_1

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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Plik Workspace Widok Narzedzia Okno Plugins Pomoc
[® Overview ] [IE]  pataLaboratory | [= Preview |
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Nodes Edges| @ Configuration | @ Addnode @ Add edge fif} & import & Export table 3 More actions v
Czestotl. LAFmax LASmax LAFmin LASmin LAeq Czestotl. LAFmax LASmax LAFmin LASmin LAeq
6.3Hz -2355 -2355 -2942 -2942 -23,79 63Hz -2326  -2326 -27.88 -27,88 -2351
8Hz -2294  -2294 -2502 -2502 -23.418Hz -1689 -16,89 -2021 -2021 -1845
10Hz -1525 -1525 -1697 -16,97 -15,05 10Hz -1588 -1588 -17,68 -17.68 -16,04
12,5Hz -1995 -1995 -21.94 -2194 -20,6 12,5Hz -1352  -1352 -1442 -1442 -14,06
16Hz 1422 1422 161 161  -1551 16Hz 468 468 555 555 527
20Hz 3.06 3,06 221 221 2,78 20Hz 7.52 7.52 6,95 6,95 7.27
25Hz 129 11,94 9.82 9,97 11,34 25Hz 23,49 23,03 21,48 21,95 2237
31,5Hz 18,49 17,31 12,93 12,78 16,26 31,5Hz 48,07 47,73 47 47,12 4751
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50Hz 27.61 2645 2336 2353 26 50Hz 28,99 2746 2462 25,86 26,6
63Hz 30,93 2947 2557 27,78 28,85 63Hz 48,74 482 4698 4691 48
80Hz 29.65 28,63 2556 2738 28,15 80Hz 39,52 38,61 36,97 36,87 38,26
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500Hz 47,71 4599 4373 44,51 45,82 500Hz 66,38 64,67 61,31 61,65 64,12
630Hz 51,06 4967 47,78 4846 49,48 630Hz 66,19 6405 6232 61,5 63,7
800Hz 50,13 4846 46,08 4747 48 800Hz 68,11 66,43 64,13 64,68 65,87
1kHz 5122 4887 4749 4695 48,8 1kHz 68,79 67,45 65,85 65,8 67,2
1.25kHz 53,74 51,27 4897 49,07 50,83 1,25kHz 71,17 70,32 68,72 68.8 70,02
1 AL S7AA K121 4RQR 4012 &N QQ 1 ALH- 74 naQ 778 NTT TR T4
Fig. 16. Loading a matrix of morphological — DataLaboratory.
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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.

10.

11.

. DEPTULA A.
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