Dec. 2016

Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 33 No. 6

Engine Selection Based on Utility Theory

Ding Songbin™ , Wang Xiaoli , Wang Hongyu

College of Civil Aviation, Nanjing University of Aeronautics and Astronautics,

Nanjing 210016, P. R. China

(Received 18 March 2016; revised 20 July 2016; accepted 5 August 2016)

Abstract: Since an engine is seen as the "heart” of an airplane, the objective and scientific evaluation of it is signifi-

cant to ensure normal operation of airlines. Aiming at the limitations of current studies on selecting engines, a

quantitative comprehensive evaluation system of engine options was established and an optimization model based on

the utility theory and analytic hierarchy process (AHP) was proposed. Considering the judgement of different cus-

tomers on the balance between income and risk, the utility of each evaluation index was determined by utilizing the

piecewise utility function. The AHP was used to analyze individual demands of customers. Finally, the optimal

scheme was selected through calculating the weighted utility value. According to the actual needs of a domestic air-

line, the utility of three engine options was calculated. The results showed that the value of risk factor can be set to

determine the selection scheme based on the degree of preferences (conservative type, neutral type or adventurous

type).
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0 Introduction

When airlines are planning to purchase air-
craft to meet the operational requirements of ex-
panding routes, they have to determine the type
of aircraft. Engine selection directly affects per-
formance, economy, maintainability, adaptability
of routes and environmental protection level indi-
cators of a whole aircraft. Therefore, with the in-
creasing demand of consumers, evaluations of
comprehensive performances of different engines
are becoming crucial, as the national regulations
are getting stringent.

In recent years, considerable scholars and
airlines conducted a series of studies on engine se-
lection, which mainly focused on the reliability,
maintainability, operation cost, economy and oth-
er aspects. Each of them only analyzed a single
engine index, such as engine economical index
analysis based on cash operating cost (COC) and

[1]

engine reliability analysis'’?, the economic analy-
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sis of engine based on developing production
costt?, the engine evaluation and selection meth-

[3-4]

od based on performance**', the reliability and

life cycle evaluation analysis of engines®™® and so
on. Besides, the results of some studies were
based on qualitative evaluation, instead of quanti-
tative methods. The final evaluation results are
thus not intuitionistic. Therefore, the utility the-
ory together with the analytic hierarchy process
(AHP) method is proposed in this paper to estab-
lish the engine selection effectiveness evaluation
system and to conduct the quantitative evaluation.

Utility, using probability to reflect the uncer-
tainty of the research problem, refers to the satis-
faction degree of customer for particular services
or resources and their function under the action of

market orientation™™. At present, utility theory

[8-9]
’

has been widely used risk evaluation con-
sumption theory''', resource scheduling'', in-
vestment portfoliol® and target selection™**?, etc.

When selecting engines, using the quantitative
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evaluation method based on utility function can
help to obtain the orders of the alternative en-
gines. At the same time, the results may reflect
the preferences and goals of airlines on engine se-
lection, and the differences among the demands of
users. Therefore, a method of selecting a suitable
engine model is provided, according to the re-
quirements and application characteristics of a
specific user. In addition, the utility function is
combined with AHP to investigate the reliability,
sustainable development, economical efficiency,
competitiveness, the level of environmental pro-
The

impact of the development orientation of airlines

tection and some other factors of engines.

is considered, which may help to provide quanti-
tative evaluation results more scientifically and in-

tuitively.

1 Engine Evaluation Index System

The scientific and quantitative selection of en-
gines is crucial to normal operation of aircraft.
The seletion should meet the requirements of reli-
ability, economical efficiency, competitiveness,
environmental protection level, sustainablty, ect.
Accordingly, the first-level indicators and the sec-

ondary evaluation index system is constructed, as

shown in Fig. 1.
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Fig. 1 The evaluation index system of civil aircraft engines

1.1 Reliability index

Reliability is one of the important indexes to
measure the quality of aviation engines. It is also
an important parameter to represent aircraft com-
prehensive efficiency. Engine reliability evalua-
tion focuses on engine operating reliability and
will indirectly affect the capacity and efficiency of
the airlines. If it cannot meet the minimum re-
quirements, it will become a negative factor. At
present, according to Air Transport Association
(ATA)™, the most common maintainability and
reliability parameters of civil aviation engines are:
In-flight shut-down rate (IFSDR), indicating the
number of engine parking in the air per one mil-
lion hours of flight; Punctuality rate (PR), indi-
cating the number of punctual opened flights per

100 flights, which equal to one minus the number

of flight delay or cancellation due to engine rea-
sons, repair rate (RR), indicating the number of
engines sent back to factory for repair in every
1 000 h of flight, and so on. In addition, the
service life of the aviation engine is one of the im-
portant characteristics of its competitiveness and
durability, which inturn greatly affects the relia-

bility and safety of the engine.
1.2 Economic index

At present, there are only a few international
civil aviation engine manufacturers in the world.
Through the long-term operation of the civil avia-
tion aircraft, the reliability of their engines has
been fully testified. In contrast, the economic
performance of engine accounts for a large pro-
portion of the entire aircraft cost, which is an im-
portant impact on the operating cost control of

airlines. The economic assessment of engine in-



No. 6 Ding Songbin, et al. Engine Selection Based on Utility Theory 641

cludes acquisition cost (10 000 RMB), mainte-
nance cost used in the process (10 000 RMB), en-
gine residual value (10 000 RMB) and fuel con-

sumption per flight hour.
1.3 Competitive index

There is a competitive relationship between
different engine suppliers in the engine selection
of a certain aircraft. Various factors, including
market shares, applications to other similar mod-
els, sale strategies of suppliers, and differentia-
tions of cost, cannot be ignored in the assessment
of engine selection, because they are to bring rev-

enue or cost to competition of suppliers.
1.4 Environmental protection level index

Aircraft are playing an increasingly impor-
tant role in people’s daily life. However, the ad-
verse effects caused by the aircraft to the environ-
ment have become serious. The impact of tail gas
on the environment is considerable. In addition,
as the environmental standards are getting strin-
gent, the aircraft take-off and landing engine
noise also can not be negleted. DB can be used as
the index parameters to measure noise pollution
(the distance is 1—1. 5 m from the sound

source).
1.5 Sustainable development index

The average life cycle of an aircraft is almost
25 to 30 years. Thus, when purchasing aircraft,
airlines need not only to consider short-term goal,
but also to predict future demand. For example,
the choice of the engine should route adaptive ca-
pacity to adapt to the development of new routes
in the future, and forcast the seriation develop-
ment to ensure the chosen engine to be stable and
healthy, etc. Obviously, in case being eliminated
in the future competition, the sustainable devel-
opment of engine is also essential for engine selec-

tion.

2 Engine Selection Model Based On
Utility Theory

Engine selection should be based on the spe-

cific needs of users. Therefore, the utility func-

tion is introduced to describe the heterogeneity of
the needs of different users, and reflect prefer-
ences and goals of different airlines when purcha-

sing an aircraft.
2.1 Utility theory

The utility theory provides the conditions for
the consistency of the value of the decision mak-
ers and the utility function, which is the rational

[5]  As the cardinal utility is unique under

axiom
the positive linear transformation™®, the total

effect can be expressed as

p=20U(f)=
o U(f1)+0U(f2)+ - +o,Ul) (D
where 4 means the overall evaluation of the utili-
ty; wisws s " sw, are the corresponding weights of
evaluation indexes; U(f1),U(f3),++,U(f,) the
evaluation indexes of the corresponding utility.
Supposing that there are n alternative plans,
the program set is A= [A;,A,,-,A,]". The
greater the total utility value, the more excellent
the program. That is, if u(A)>u(A;), A=A
(note ">" as better).
AHP is used to determine the weights of
each utility evaluation index"'”. The index hierar-

chy is shown in Fig. 1.
2.2 Establishment of utility function

(1) Construction of utility matrix
Let n represent the number of alternative
plans {A] 7A2 [

ber of property indexes. Using a; to represent

,A,} and m represent the num-

the j th indicator’s value of the ith plan, the utili-
ty matrix can be written as
an A
A= |1 T (2)
a, v a,,

The indexes are distinguished as determinis-
tic indexes and uncertainty indexes. The deter-
ministic index are represented as practical values,
and the uncertainty indexes are represented as a
five grade classification method in fuzzy mathe-
matics, namely excellent, good, medium., poor
and worse, which corresponds to 0.9, 0.7, 0.5,

0.3 and 0. 1 in the utility function respectively.
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(2) Pretreatment of evaluation indexes

Before using the utility function, the evalua-
tion indexes need not only to be quantified, but
also to be standardized (namely non-dimensional
treatment). Quantitative indexes can be generally
divided into four types: Cost (the smaller, the
better), benefit (the bigger, the better), fixed
(up to a fixed value for optimal) and interval
(stable within a certain interval for optimal). In
this paper, the engine evaluation index system
can be divided into two types: Cost type and ben-
efit type. Using the range transforming method
for standardization, the expression is shown as

D Cost type

X’J (all_"ﬂax . all"‘[\ln)
@ Benefit type
(a“ 7(1””“)
a4y —ai ) 0.1 4
Xi/ (all_naxia;nm) X;j 6 [ ] ( )
where X, is the standard value of the jth index
the

max

actual value of the jth index for the ith plan; d]

X}j e [Oal] (3)

value for the ith plan, i=1, 2, . m; a

i

min

and a™" are the maximum and the minimum value
of the indexes, respectively.

After the above normalization process, the
function U (a;) expressing the relationship be-
tween U and a; has been transformed into the
function U(XU ), which expresses the relationship
between U and X, Xy cJlo,1].

(3) Determination of the utility value of all
level evaluation indexes

Utility represents the relationship between
the studied objects and the preferred values of us-
ers. So the first step is to establish the utility
function to determine the utility value. As men-
tioned above, the utility function contains the val-
ue judgment of users. There are some differences
among users with different needs and desires of
product. Some of them are risk-preferred, while
others are risk-averse. Therefore, the piecewise
utility function model is chosen to calculate the

utility value the different indexe

(D Cost type

k
U(a,]): [ﬁ} almin <aij <a;’nnx (5)
\a_ —_

1 a; < arn

@ Benefit type
0 a; < aM™

a; — a;

k
U(alf ) = 1 [a n::xx . aﬂli'ﬂ} a[n”n < al] < a;n“x (6)
i i

1 a

i =

where the maximum utility value is expressed as
1, and the minimum utility value is expressed as
0. If the first derivative result of U (a;) about &
is existent, the defined utility function expression
is feasible. The value's range of # indicates the
attitude towards risk of user. Therefore, the util-
ity function curve is divided into 3 types: £<1 in-
dicates the conservative type; #=1 indicates the
neutral type and %2 > 1 indicates the adventure
type, as shown in Figs. 2, 3.

U(a,)

1k-

0 2™ P a
i i
Fig. 2 Cost-type utility function curves

U(a,)
1 g

Fig. 3 Efficiency-type utility function curves

3 Application
3.1 Engine options

A domestic airline intends to introduce the
A330-300 airplane. Airbus Company gives the
selection manual which provides three engine op-
tions. The selection model based on utility theory
is established as mentioned above to determine

which option is most suitable for this airline.
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Table 1 The specific parameters of the three kinds of engines for A330-300
Type RR Trent 700 GE CF6-80E1 PW4000-100
IFSD rate / one million flight hours 0.692 9 0.703 3 0.7
Punctuality rate / 100 flights 99. 90 99. 95 99. 97
Repair rate / 1 000 flight hours 0.031 0 0.033 3 0.020 0
Service life/a 29 26 28
Acquisition cost/10 000 RMB 4 066.128 0 4 251.550 0 4 371.087 6
Maintenance cost/10 000 RMB 5 084.660 0 5314.437 5 5 253.859 5
Residual value/10 000 RMB 20. 330 64 21.177 75 21.8554 38
Fuel consumption / one flight hour 10. 230 9.945 10.010
Market share/ % 56 7 32
Application on other similar type Medium Good Excellent
Benefits from competition Excellent Medium Good
Cost on saving the differentiation Excellent Medium Good
Noise/dB 137 127 143
Exhaust emissions / 10* km 0.139 93 0.138 16 0.136 40

Route adaptability
Seriation

Development level of maintenance industry

and remote route

Excellent

Range covers all short Range covers all short Range covers all short

and remote route
3 5 3
Good Good

and remote route

These three engines are: Pratt & Whitney
PW4000 series, General Electric CF6-80 series
and Rolls Royce Trent of 700 series. According to
the investigation, the specific parameters of the

three engines are obtained and shown in Table 1.
3.2 Evaluation index system

As the evaluation index system given in Fig.
1 is too complicated to be used in practice, the in-
dexes are not always considered together. There-
fore, in order to simplify the model, according to
Table 1, it can be found that these three engines
are almost the same in routes adaptability, seria-
tion, development level of maintenance industry
and benefits from competition; the purchase cost
and use cost of engine are proportionally related
with each other; per flight hour exhaust emis-
sions and per flight hour fuel consumption are
positively correlated. In this case, the model will
not consider the following six indexes: fa1, fi3
Sfizs fs1s fs2s and fss.
3.3 Weight vector of index system

According to the demand of a certain airline,
the subjective and objective methods are combined
to determine the weight of indexes. The compari-
son tables exhibiting the relative importance of

the selected indexes are shown in Tables 2—6.

Table 2 Primary index importance comparison

given by a certain airline

Index f) /2 e fi fs

fi 1 1 3 1/3  1/5
/2 5 1 8 2 1
[ 1/3  1/8 1 1/5 1/8
fi 3 1/2 5 1 1/2
VE 5 1 8 2 1

Table 3 The secondary index importance comparison

under reliability index

Index [, Si2 Sis S
i 1 1/3 1 2
S 3 1 3 3
S 1 1/3 1 3
S 1/2 1/3 1/3 1
Table 4 The secondary index importance comparison
under economic index
Index  fu e Sas S
Sz 1 1/5 3 1/2
Sz 5 1 7 3
Sos 1/3 1/7 1 1/3
S 2 1/3 3 1
Table 5 The secondary index importance comparison

under competitive index

Index  fs fae S 33 e
fa 1 1/3 1/2 1
fe 3 1 2 3
fas 2 1/2 1 3
fu 1 1/3 1/3 1
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Table 6 The secondary index importance comparison

under environmental protection level index

Index fu Sz
S 1 1
S 1 1

According to the method of AHP, the weight
vector of the first level indexes is given as: @, =
[0.102 3, 0.339 1, 0.035 7, 0.183 8, 0.339 1].
The weight vector under reliability index of the

secondary level indexes 1is given as: @, =
[0.193 5, 0. 488 3, 0. 214 2, 0. 104 0]. The
weight vector under economic index of the sec-
ondary level indexes is given as: e@; =[0.134 9,
0.583 6, 0. 064 7, 0.216 8]. The weight vector
under competition index of the secondary level
indexes is given as: @, = [ 0. 139 1, 0, 448 5,
0.286 6, 0,125 7]. The weight vector under en-
vironmental protection level index of the seconda-
ry level indexes is given as: @;=[0.5, 0.5].
Through the weighted multiplication of the
weight of the first level indexes and secondary in-
dexes above, the weight of the evaluation factors
of civil aviation engines are calculated, so the

index weight vector of A330-300 airplane’s engine

indexes.

(1) Evaluation index pretreatment

According to Egs. (3), (4), the parameters
of the three engines of A330-300 are standard-
ized. The results are shown in Table 7.

(2) Determination of the utility value of
evaluation indicators at all levels

As the provided solutions of engines by air-
craft manufactures are few in actual engine selec-
tions, this paper gives the acceptable interval of
the index parameters (i. e., the user can accept
all the parameters of the bottom line and the en-
gine itself can achieve the optimal situation) to fa-
cilitate the application of the utility function, as
shown in Table 8.

Substituting the numerical indexes in the ma-

min

trix and a™",

max

a™ in each known index into Eqs.
(5), (6), the utility value of each index is ob-
tained, and the utility matrix U can be constitu-
ted: U=[UC(f1,), UCf)s UCf), UCfL),
UCfo)s UCS23) UCfd)s UCfu)s UCf),

U(f;{] ) . U(f/ll )]T~
3.5 Scheme weighted utility value

When the values of & are different, the pref-

evaluation of this airline is @ = [ 0. 019 8., erence orders of the three schemes are also differ-
0.050 0, 0.021 9, 0.010 6, 0.197 9, 0.021 9, ent. The results in different % values are shown in
0.073 5, 0.005 0,0.016 0, 0.004 5, 0.091 9. Table 9.

3.4 Modeling based on the utility theory

Considering the effectiveness of the three en-
gines of A330-300 with the 11 indexes f1,, fis
Sriss fras fors foss fous fa1s faos faes fus the
utility matrix A of the original data according to
the Table 1 is constructed, and then the utility
value matrix of the original data is obtained.
Among them, fi,» fuu» fos» fs1» fs2 are benefit

indexes, and f11s fi35s fa2s fois f3i» fu are cost

3.6 Analysis of results

(1) Analysis of evaluation index weight

According to the airlines evaluation index
weight vector of A330-300, we can see that this
company pays special attention on the mainte-
nance cost of the engines, followed by the noise
pollution problems of the engines, the fuel con
sumption of engine and the airline operations

flight punctuality rate.

Table 7 Standardized parameters

Typc f11 flz f13 fn fzz fz) fzu fél f.az f31 f"ll
RR Trent 700  0.380 0.816 0.580 0.833 0.815 0.689 0.385 0.560 0.286 0.143  0.433
GE CF6-80E1  0.363  0.918  0.534 0.333 0.586 0.745 0.528 0.070 0.571 0.714 0.767
PW 4000-100  0.368  0.959  0.800  0.667 0.636 0.790 0.495 0.320 0.857  0.429  0.233
Table 8 The acceptable range of each index parameters
Value f}] f|2 f]:; fu fzz f2:4 fn f;s] f32 f:ﬂ fﬂ
ai™ 0.300 0 99.50 0.01 24 4 900 10 9 0 0.3 0.3 120
a™ 0.933 3 99.99 0.06 30 5900 25 11 1 1.0 1.0 150
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Table 9 The optimization results in different k values

k value Total project utility value Ranking Optimal scheme
0.2 0.462 92, 0.464 88, 0.454 60 A=A > Ay GE CF6-80E1
0.6 0. 382 80, 0.385 27, 0.364 80 A, > A > Ay GE CF6-80E1

1 0.322 44, 0.322 47, 0.300 09 Ay > A > Ay GE CF6-80E1
2 0.223 97, 0.214 24, 0.199 83 A >A > Ay RR Trent 700
4 0.128 05, 0.108 16, 0.110 32 A >-A > A, RR Trent 700
6 0.080 73, 0.063 69, 0.072 87 A=A A, RR Trent 700

(2) Analysis of scheme utility value

As shown in Table 9, the differences among
the utility values of the three engines are not sig-
nificant, but there are still advantages and disad-
vantages. When £ <C1, k=1 (conservative and
neutral type), GE CF6-80E1 has the maximum
utility value. When £>1 (adventure type), RR
Trent 700 has the maximum utility value.

In the airline’s four most important indica-
tors, the maintenance cost minimum utility value
of RR Trent 700 is the highest, but the utility
value of punctuality rate and fuel consumption per
flight hour are both the lowest. So when the air-
line is adventuring and searching for lower input
cost, RR Trent 700 is the best choice.

GE CF6-80E1 has the worst maintenance
cost index utility but the best utility value of
punctuality rate and noise index. In addition, the
in-flight shutdown rate and repair rate of GE
CF6-80E1 are also the lowest, so when airlines
are in conservative and neutral type, considering
company operation and social benefit, GE CF6-
80E1 is the best choice.

(3) Analysis of k£ value selection

At present, the development of manufacturer
or the use of airline aspects of the Rolls Royce RR
Trent 700, GE's CF6-80E1 and Pratt & Whitney
PW4000-100 both have been in a mature and sta-
ble stage. The airlines tend to care more about its
In addition, China has

clearly defined the civil aviation industry as an im-

operational efficiency.

portant strategic industry in the national econom-
ic and social development, and the competition
among airlines is becoming more and more fierce.
So the good corporation image and social benefits
are becoming more and more important. To sum

up, the k& value should be in conservative and neu-

tral type (k<1 or k=1). As shown in Table 9,
GE CF6-80E1 is the best scheme.

4 Conclusions

Engine selection is essential to the airline in
purchasing aircraft. It can directly affect the air-
line’s future operation and social benefits. How-
ever, at present, the research on the engine are
qualitative or one-sided. The airlines still lack a
quantitative comprehensive and feasible method in
the actual purchasing process.

In this paper, we use the utility theory to
construct the evaluation model, and use the real
data to improve the validity of the model selection
results. On the basis of the previous results, a
relatively comprehensive civil aviation engine
evaluation index system is established, consider-
ing the engine reliability, economic efficiency,
competitiveness, environmental protection level
and the capacity for sustainable development.

In addition, we also combined the qualitative
and quantitative methods. The subjective atti-
tudes of different subjects are displayed in the fi-
nal selection, that is the selection of k-the peo-
ple’s attitudes are quantified and integrated into
the structure of the utility function. Combined
with the AHP method for quantitative analysis of
the weight of each index, the needs for different
airlines to select engines is personalized when

purchasing aircraft is realized.
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