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GAS TURBINE ENGINES DIAGNOSING USING THE METHODS
OF PATTERN RECOGNITION

The paper is dedicated to the relevant problem that pertains to gas turbine engines diagnosing. The issue con-
sidered in the paper is how to diagnose gas turbine engines using the methods of pattern recognition: in par-
ticular the method of “binary tree” and the “nearest neighbor” method. In computer science, a binary tree is
a tree data structure in which each node has at most two children, which are referred to as the left child and
the right child. A recursive definition using just set theory notions is that a (non-empty) binary tree is
a triple (L, S, R), where L and R are binary trees or the empty set and S is a singleton set. Some authors allow
the binary tree to be the empty set as well. I n computing, binary trees are seldom used solely for their struc-
ture. Much more typical is to define a labeling function on the nodes, which associates some value to each
node. Nearest neighbor search (NNS), as a form of proximity search, is the optimization problem of finding the
point in a given set that is closest (or most similar) to a given point. Closeness is typically expressed in terms
of a dissimilarity function: the less similar the objects, the larger the function values. The initial data are pro-
vided and specific results are obtained.
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measure of distance.

Analysis of research and publications

The paper has been included into a series of publi-
cations regarding the use of classification methods for a
gas turbine engine (GTE) diagnosing [1, 2]. The re-
search activities that this paper reviews deal with the
GTEs diagnosing using the methods of "binary tree"[3]
and the "nearest neighbor” method [4]. Reference [1]
describes the algorithm of a numerical experiment in
order to obtain the original sample which allows classi-
fying conditions of gas turbine engines.

The mathematical formulation
of the problem

As a result of the classification by the functioning
parameters, a diagnosed object has to be assigned to a
particular class of engine conditions. The term “class”
should be understood as a group of objects that are
characterized by a set of common properties. When
solving the problems of diagnosing, examples of the
classes of engine conditions can be given as "operative
GTE", "non-operative GTE" or "GTE with the degraded
flow path", etc.

To carry out the classification using both of the
methods considered in the paper, a sample including the
functioning parameters for all of the classes is re-
quired [1].

The classification procedure based on the method
of "binary tree" is as follows [3]:

- to find the distance between all objects in the un-
classified sample;

- to group the objects in a binary hierarchical clus-
ter tree by means of connecting the closest pair of ob-
jects. Thus, the objects are joined together forming dou-
ble clusters; formed clusters are grouped into large clus-
ters, until a single hierarchical tree is obtained;

- to divide the hierarchical tree into clusters.

Figure 1 is an example that illustrates the approach
mentioned above. This figure shows 6 objects character-
ized with two parameters A; and A, (see Fig. 1, a). Per-
taining to a GTE, the characteristics of its conditions
can be, for instance, the deviation of the parameter from
its model value in standard atmospheric conditions. The
lines in the figure connect the nearest objects. Fig-
ure 1, b shows the resulting dendrogram (“binary tree”).
The horizontal axis in the dendrogram is indicated with
the point numbers. U parameter specifies the Euclidean
distance between the objects.

Having been created, the hierarchical tree should
be divided into clusters. It is necessary to determine the
number of classes or maximum distance between ob-
jects in a cluster. If the distance equal to 0.8 is selected
as the maximum one between objects in a cluster in the
example given above, two clusters are formed (see
Fig. 1, b).

The final stage of recognition requires verifying
the fact that the resulting clusters combine having sig-
nificant similarities objects. When this analysis for the
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Fig. 1. Clustering a set of two-dimensional data by constructing a “binary tree”:
a — the initial data set and the shortest distance between the objects; b — the dendrogram divided into 2 clusters;
1, 2 — numbers of the clusters; 3 — the dividing line

gas turbine engine conducted, it is necessary to obtain
additional information about the real conditions of ob-
jects constituting the data set.

The "nearest neighbor" method [4] is as follows:
when a large representative sample of data, which ade-
quately describes object classes is available, a single
point from this sample closest to a classified object may
be sufficient for definition of the diagnosed object class.

This method differs from the method of "binary
tree" and the specifics of this difference are that the dis-
tance is calculated including the points only, but not
both the points and clusters, and the training sample is
classified in advance.

The procedure for such classification is as follows:

- to calculate the distance between a diagnosed
point and all points in the set;

- to define a diagnosis by a class which includes a
closest to diagnosed object point.

Figure 2 shows the classification diagram that has
been constructed in accordance with the described
method for the case of two classes which characterized
with two parameters Al and A2.

Initial data for classification

As seen from the description, the both methods use
a sample of data (classified or unclassified sample) con-
sists of parameters A characterizing the GTE conditions,
and information about the class of each object in this
sample. Both the methods are based on the calculation
of the distances between objects. Reference [1] de-
scribes the basic algorithm of the numerical experiment
conducted to obtain such a sample. To use parameters
that are obtained in the numerical simulation in the de-
scribed methods, these parameters ought to be further
processed.
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Fig. 2. The classification of GTE conditions
using the "nearest neighbor" method:

m — classified points assigned to the first class of engine
conditions; & — classified points assigned to the second
class of engine conditions; 4 — diagnosed point;

I, I — areas, points of which belong to the 1% and 2™
class of engine conditions

The need for an additional processing takes place
due to the fact that the classification is performed using
the selected metrics of distances between separate
points of n-dimensional space of the GTE conditions
indices and ranges of parameters are quite different.
Thus, the formation of the distance between the points is
significantly affected by the index which has the great-
est difference between the maximal value Amax and

minimal value Amin (A, — A

max min )max :

The index having the minimal value of this differ-
ence practically does not take part in the formation of
clusters. To ensure an adequate contribution of i-index
to the classification process, the value of this index
should be multiplied by the coefficient, which is shown

in the following equation:
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To prevent the loss of significant numbers or ob-
taining ultrahigh/ultralow intermediate values, there
may be a necessity to use coefficient K generalized for
all the indices of GTE conditions. Then, the value of i-
index can be calculated in j-example as follows:

A=Kk A, 2)
where A; ; is the original value of the index of GTE

conditions.

Obtaining the training sample
for classification

In a numerical experiment [1] data containing the 6
classes of conditions of a two-shaft gas turbine engines
with mixed flows was used. Table 1 shows the values of

Amax s Amin 1 Amax — Amin for each of the parameters that
are included in the training sample.

Distance metrics between objects

One of the main issues of the proposed method is
the selection of a metric to be applied to the distance
between objects. The most commonly used metrics are
shown in Table 2 (A,, A - vectors of the coordinates of
objects R and S, sign ' denotes transposition). Metric of
distance selecting depends on the characteristics of a
data set. It is recommended to select the metric, which
provides the lowest level of errors occurring while diag-
nosing. The overall percentage of such errors can be
accepted as a selection criterion.

The results obtained after methods using

The resulting "binary tree" obtained after process-
ing the data (Figure 3) is shown in Figure 4. The
Euclidean distance is used as a distance metric.

Table 1
Range of variations of the initial indices of GTE conditions in the training data set
GTE condition index A provided by Anin Amax  |Amax — Amin
- the rotational speed of the high pressure rotor Any, -0.0050 0.0207 0.0258
- the total pressure in the external duct AP -0.0098 0.0360 0.0458
- the total pressure of the compressor AP, -0.0528 0.0929 0.1457
- the total temperature of the compressor AT, -0.0401 0.0187 0.0588
- the total temperature of the turbine AT, -0.1441 -0.0125 0.1316
- the relative pressure of the turbine A P, -0.0123 0.0363 0.0486
- fuel consumption AGy -0.1894 0.0118 0.2012
(A = A 0.2012
Sample parameters A, J obtained with K = 1000 is shown in Fig. 2.
Table 2

The most commonly used metrics of distance between objects

Measure

of distance Calculation Notes
Euclidean Afs =(A, —A(A; — A ),
. D — diagonal matrix constructed using dispersions of the respective
Normalized 2 1 ' . .
. Ar, =(x, —x4)D7 (x, —X4) |coordinate components that are calculated on all objects of the
Euclidean rs ro%s s -
training sample
Mabhalanobis Afs = (X, — xS)V_l (X, — xs)v V —a simple covariance matrix

Total absolute S
o A =
deviation s z

Minkowski

P — parameter in the range from 1 to 2
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Fig. 3. The values of indices of GTE conditions after scaling by dependence (2).
Each of the six GTE condition classes represented by twenty points in the sample
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Fig. 4. Dendrogram obtained by means of clustering:
a —the general dendrogram; b — an enlarged view of area of the general dendrogram

Separation of the "binary tree" into 6 classes shows
almost zero effectiveness of this method. At Figure 4b
line 2 that divides the dendrogram into 6 classes are
shown. Moreover, almost all the points are assigned to
the same class and only 8 points are included into the
remaining five classes. The reason for this is that GTE

condition classes are not strictly separated in the sam-
ple, but on the contrary, these classes have the intersec-
tion areas. Change of distance between objects metric
have not led to a significant improvement in the results.

The results of the "nearest neighbor" method using
are shown in Fig. 5.
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Fig. 5. The classification results of GTE conditions on the basis of the "nearest neighbor" method

using different distance metrics:
a — EBuclidean; b —normalized Euclidean; ¢ — the total absolute deviation;
d — Mahalanobis; e — Minkowski (P = 1.5)

As seen from Figure 5, the best metrics for classi-
fication are: Euclidean distance metric and normalized
Euclidean distance metric. They provide the lowest per-
centage of classification errors (about 13 %).

Conclusions

The disadvantage of the “binary tree” method is that
this method does not work if there are overlapping classes
at least at 1 or 2 points. This method can only be used
with a clear separation of classes. To provide more stable
and reliable methods of GTE conditions classification, it
is expedient to use the "nearest neighbor" method which
is less sensitive to the availability of overlapping classes.
To improve the quality of classification The classification
by some "neighbors" can be applied.
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JAANATHOCTHUPOBAHHME I'A30OTYPEBUHHOI'O JIBUT'ATEJIA
METOJAMMUA PACIIO3BHABAHUS OBPA30B

C. A. /Imumpues, A. B. Ilonos, A. C. Axywenko, B. E. Ilomanos, A. B. Ilawyx

CraThs OCBSIIEHA aKTyaIbHOM MpoOJieMe, CBSI3aHHOM ¢ JUArHOCTHKOW ra30TypOMHHBIX nBUTaTenei. Bompoc,
paccMaTpHUBaeMBbIl B CTaThe, 3aKIIOYAETCS B TOM, KaK TUATHOCTHPOBATH ra30TYPOMHHBIC BUTATENN C MCIIOIH30Ba-
HHEM METOJIOB PACIIO3HABAHUS 00Pa30B: B YACTHOCTH, METOJ «OMHAPHOTO IEPEBa» U METO «OIImKaMIIero coceaar.
B un(popmaTrke ABOMUHOE ACPEBO MPEACTABIISCT COOOH CTPYKTYPY JaHHBIX JE€PEBa, B KOTOPOH KaXKIIbIA y3€7I HMEeT
He OoJiee BYX JETeH, KOTOPhIC HA3bIBAIOTCS JICBBIM JIOUSPHUM H MPABBIM JTOUSPHUMH. PEKypCHBHOE OMpeeacHHe C
HCIIOIb30BAHUEM TOJIBKO OIPECIICHHBIX TEOPETUICCKHUX MPEACTABICHUN COCTOUT B TOM, YTO (HEIYCTOE) TBOUIHOE
nepeBo siBisiercst TpoiHbM (L, S, R), rne L u R - GuHapHble nepeBbs WM yCTO€ MHOXKECTBO, & S - OHOIJIEMEHT-
HOE MHO)KECTBO. THIIMUHBIM SIBJIACTCS ONpenesieHue (YHKIIMM MapKAPOBKU Ha y3j1aX, KOTOpas CBA3BIBACT HEKOTO-
poe 3HaueHue ¢ KaKAbM y3imoM. [lorck Onrokaiimero cocena (NNS), kak ¢opma morcka OJIM30CTH, SBIIsSETCS 3a7a-
Yei ONTUMU3AIUK HAXOXKICHUS TOYKH B 3aJJaHHOM HaOope, OrpkaliieM (vin HauOosiee OTM3KOM) K JaHHOW TOYKE.
Biu3octh 00BIYHO BRIpaXkaeTcs depe3 (YHKIMIO HECXOMCTBA: YeM MEHBIIEC aHATOTHYHbI OOBEKTHI, TeM OOJIbIIEe 3HA-
YyeHus GyHKIUU. VIcCXOnHbIe JaHHBIC TIPUBEICHBI U MOJyYeHBI KOHKPETHBIC PE3yJIbTATHI.

KiroueBble cjioBa: THarHOCTHKA, T'a30-TYPOMHHBINA JBHUraTeb, OMHAPHOE ACPEBO, METOM ONMKaMIIero coce-
Jla, Mepa PacCTOSIHUSA.

JIAT'HOCTYBAHHSA I'A3OTYPBIHHUX /IBUT'YHIB
METOJAMMU PO3IIIBHABAHHSA OBPA3IB

C. O. /Imumpies, O. B. Ilonos, O. C. fIkywenxo, B. €. [lomanos, O. B. Ilawyx

Cratrs npHCcBsTYeHa aKTyalbHIl Mpo0iieMi, MOB'sA3aHii 3 TIarHOCTHKOO Ta30TypOiHHMX NBUTYHIB. [InTaHHs, sike po-
3IVSIIAETHCS B CTATTI, TIOJISITae B TOMY, SIK JAiarHOCTYBaTH ra3oTypOiHHI ABUTYHHU 3 BUKOPHUCTAHHSM METO/IIB PO3ITi3HABAH-
Hs 00pas3iB: B 30KpeMa, MeToIoM "OiHapHOro JepeBa Ta MeToaoM "HaiOmmwk4oro cyciga". B iHbopMaTui qBoiune me-
PEBO TIpeACTaBIsiE COOOI CTPYKTYPY JAHUX JepeBa, B SKii KOXKEH BY30JI Mae He OLIbIIE JIBOX JTEH, sIKi HA3MBAIOTHCS
JIEBAMH JIOYIpHIMH Ta NPaBOBUMH JIOYKAaMH. PeKkypcuBHE BH3HAUECHHS 3 BHUKOPUCTAHHSM JIMIIE NIEBHUX TEOPETHYHHX
TIpEZICTaBIIEHb NOJISITa€e B TOMY, IO (He mycTe) OiHapHe nepeBo e notpiiiauM (L, S, R), ne L i R - GinapHi nepeBa abo myc-
TOI MHOXKHHH, @ S - OJHOEJIEMEHTHA MHOYKMHA. THIIOBUM € BU3HA4YeHHs (DyHKIIT MO3HAUYEHHS Ha BY3Jax, sKa 3B'A3Ye Jie-
SIKY B&)KJIMBICTB 3 KOXXHUM BY3J10M. [lomyk Haitbmmxdoro cycina (HHC), sik ¢popma nomryky O7n3bKOCTI, € 3aBIaHHIM
onTUMi3amil po3TallyBaHHS TOYKU B 3aJaHOMy HaOopi, HalOnmmk4Ioro (a0 HaWOMKIOro) 0 AaHOi TOUKH. BIM3bKicTh
3BUYaHHO BHpPAKAETHCS Yepe3 (DYHKIIiIO BIMIHHOCTI: YAM MEHIIE aHAJIOr4HI 00'€KTH, THM OLjblile 3HaYeHHS (DYHKIIIL.
BxiHi 1aHi MpUBEICHI i OTpUMaHi KOHKPETHI pe3Y/IbTaTH.

KorouoBi ciioBa: miarHOCTHKA, ra30-TypOiHHUIA IBUTYH, OiHApHE JIEPEBO, METO/ HAWOIFKIOro Cycina, Mipa Bijc-
TaHi.
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