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With the advent of market economy in Russia the role of the decision-making stage in the development
of high-technology products significantly rose in significance. The article analyzes the mathematical model
of decision-making used in the development of complex engineering systems (CES) that allows identifying
the optimal engineering solutions out of a number of alternatives. In order to define the “efficiency” of CES
and primary criteria thereof the authors set forth a number of classifications of decision-making techniques
along with their main features. They also provide the results of comparative analysis of the best known
decision-making techniques, as well those used for evaluation of innovation projects.
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1. Introduction and problem definition

The costs of CES-related decision-making are on a constant rise, while the consequences of wrong
decisions are getting more and more severe. In the present conditions, experience and intuition do not
always ensure the choice of the optimal decision. In this context, scientific decision-making methods
started developing rapidly, a new scientific field, the decision-making theory, has emerged. The main
purpose of the decision-making theory is to help the decision-maker clarify his or her attitude to the po-
tential consequences of the choice.

The consequences of the choice from a number of alternatives are characterized by the degree of
achievement of the goal of the choice and are evaluated by the decision-maker (DM). In complex real-
life situations the decision-maker’s perception of the goal is usually incomplete and unclear. That a priori
does not allow him or her completely analyze the various aspects of the consequences of the compared
alternative solutions, identify their importance, develop a cohesive attitude to the alternatives and there-
fore formulate the selection criterion or the objective function!. Therefore, the decision-maker’s system
of preference is poorly structured [1].

I A designer always works with a number of alternative solutions, both while making the decision to participate in a contest,
and during the design and development of a weapon system. In rare cases the first solution turns out to be the only correct
one. That is an exception though. Qualitative improvements to designs are after all achieved by means of alternative solu-
tions. In order to find those, the designer must show resolution and correctly choose the most optimal and viable alternative
(Kalashnikov, M.T. Notes of the weapons designer. Moscow. Voenizdat, 1992. — 300 p. — P. 271).
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Mathematical models are developed for the purpose of solving the choice problem. Models enable
objective analysis and comparison of alternatives taking into consideration all aspects of consequences,
as well as the DM’s attitude to those consequences, structuring of the initial task and generation of the
selection criterion, or, in most cases, a system of criteria. Thus, the decision-making task becomes mul-
ticriterial.

The rapid development of computer and information technologies in the 1990s paved the way for
the creation of automated decision support (ADS) systems based on advanced mathematical tools of
decision-making theory covering various fields of knowledge and technology. Nevertheless, the problem
of application of particular ADS-defining decision-making methods still remains [2-10].

The purpose of this article is to provide an overview of the decision-making methods that can be used
in the development of CESs, namely for their performance evaluation. The goal is to demonstrate the
significance of the decision-making methods and models involved in the development of new opportuni-
ties in technology and CES design; analyze the procedures and mathematical model of decision-making
in CES development; introduce the concepts of CES efficiency and primary criteria of efficiency.

2. Mathematical simulation in decision-making as part of development
and modernization of complex engineering systems

2.1. Distinctive features of modeling of multicriterial tasks

The distinctive feature of a CES is its multicriteriality, which means that the level of sophistication of
a system and the quality of its performance depend on a number of output characteristics. Therefore, the
design of a system and comparison of alternative technical solutions should take into consideration the
contribution of each of the said characteristics.

Below are the primary considerations that should be taken into account when designing multicriterial
decision-making models:

1. The model is designed for the sole purpose of structuring and specification of the preferences of the
decision-maker directly involved in the development.

2. The model must by logically consistent.

3. The model must contain the description of all important elements of the decision-making tasks and
their properties.

4. The model must enable the use of actual information regarding the task received from experts and
the decision-maker.

5. The model must be simple and well-behaved and easily usable by the decision-maker.

A multicriterial model of a decision-making task can be represented in the following generalized
form:

<L, KX S Pr>, (1)

where ¢ is the task definition (type); K is the set of criteria; X is the set of criteria scales; § is the set of
solutions; P is the system of preferences of the decision-maker, r is the choice of the final decision.

Practical design inevitably generates alternative engineering solutions. They arise when design is
performed by different teams on competitive basis or by a single team. That is why the transition from
the design to the development and manufacturing of a system requires the selection of the most prefer-
able alternative. The multicriteriality of a system complicates the decision-making process if one of the
alternatives is superior to another in one group of criteria and inferior in another.
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The development of a multicriterial decision-making model is characterized by the requirement to
request necessary information from people, i.e. the decision-maker and subject matter experts. This fea-
ture of the decision-making tasks requires a specific organization of the whole process of multicriterial
model development, its evaluation, application of formalized methods of alternatives comparison. The
organization of the decision-making process requires special knowledge. Therefore, the development and
subsequent evaluation of a multicriterial model involves not only the DM and subject area experts, but
also a consultant who specializes in decision-making theory.

Most importantly, the definition and solution of multicriterial tasks must take into consideration a
large number of essential circumstances and notions that are difficult to justify mathematically. There-
fore, mathematical models intended for solving specific multicriterial tasks must reflect both conceptual
considerations that are impossible to properly formalize and formalized task descriptions. Only this
comprehensive approach can ensure practically useful results.

2.2. Structure of the model design and application process

The design of multicriterial decision-making models is a complex procedure that includes formalized
and non-formalized stages. The process of design and evaluation of a multicriterial model involves three
groups of people: the decision-maker, the consultant and the experts.

Fig. 1 shows an example out of a large number of decision making procedures that consists of 13 stages
of a discrete multicriterial problem solution. The results of model evaluation allow obtaining ranked sets
of allowable solutions coordinated with the specified assumptions and used information. Several versions
of a model can be designed. Their advantages and disadvantages can be identified only by comparative
analysis and practical application.

Let us examine the structure of the iterative decision-making procedure.

At the first stage, the task is defined, i.e. the required ranking of alternative solutions is specified, the
purpose of the research and meaning of the “alternative solution” are defined.

At the second stage, a set of alternative solutions is generated, their applicability for the purpose of the
defined goal is verified, the meaning of the term “acceptability” is specified, the solution applicability
verification procedure is developed and a set of such alternative solutions is identified.

A the third stage, the possible consequences of the identified alternative solutions are analyzed, the
list of indicators characterizing the possible consequences is drawn up, a set of criteria that characterize
those consequences in sufficient detail.

At the fourth stage, evaluation scales for the identified set of criteria are developed. The implementation
of the third and fourth stage activities is a complex procedure. Those two stages are closely connected
to each other.

At the fifth stage, the acceptable alternative solutions are evaluated using the scales of identified cri-
teria.

The general decision rule that ensures the required ranking of alternative solutions can be designed
step by step. At the sixth stage, information regarding the decision-maker’s preferences is obtained. This
information defines the assessment of the impact of various changes in ratings on the general quality
(utility, value) of a solution. At the seventh stage, the information is used to generate the respective deci-
sion rule. The decision rule is used to compare and rank the alternative solutions (stage 8). The ranking
results are analyzed at stage 9.
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Fig. 1. Structure of the iterative decision-making procedure

If ranking is impossible (stage 10) the causes of the deficiency are examined (stage 11). The possible
causes are:

— unconformity of the used information or assumption with intuitive preferences;

— exclusion of an acceptable alternative solution from the analysis;

— incomplete set of criteria used in the model;

— unconformity of criteria scales with the evaluation capability;

— inaccuracies or errors in the evaluation of some of the acceptable alternatives;

— inaccurate definition of an “acceptable alternative”.
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Depending on the causes of unsatisfactory ranking, the model is amended and all necessary stages are
repeated. If the ranking of alternatives is satisfactory (stage 10), the decision rules that ensure partial
ranking of vector evaluations are used upon verification of its compliance with the specified purposes
(stage 12).

In case when the ranking of alternatives obtained at a certain stage is considered by the decision-maker
as being satisfactory and compliant with the specified purpose, the ranking is accepted as final (stage 13).
If the decision-maker acts rationally, he or she must choose the alternative in accordance with the obtained
ranking'.

3. CES efficiency criteria

Finally, by analyzing the available alternative solutions the DM chooses the most efficient one.

Efficiency is the generalized constitutive functional property of a system that implements an operation,
is defined by the goal (expected result) and objectively expressed through the degree of goal completion
subject to the costs and operation implementation time [12]. The development of decision quality evalu-
ation criterion is one of the primary goals in any object management activity. In order to find the optimal
(rational) management (solution), it is required to establish the dependence of the chosen efficiency
criterion on the factors affecting its magnitude.

The efficiency criterion W can generally be written as follows [7]:

W=F(U,S, C), (2)
where F'is a functional; U is a CES control vector:
U=(u,u,, ..., u)

S is a vector that defines the environment; C is a vector that defines the process (or system).
Vector C can be represented as

C=(K, P),

where the vector defines the structure of the system, while vector is the parameter vector (or specific
numerical characteristics of the system).

The widely known expression (2) can be considered as the mathematical model of a controlled proc-
ess (system). This model can help find the best (rational) control, structure and parameters specific to the
given structure.

The efficiency criterion can be scalar, i.e. be defined by a single number, or vectorial that is defined
by a set of numbers. Depending on the nature of the chosen research method and criterion, monocriterial
and multicriterial decision-making tasks are usually distinguished.

!'In order to choose the preferable alternative out of two CES solutions, it suffices to establish a list of partial criteria of
the analyzed system (x,, x,, ..., x,) and choose the generalized criterion X (objective function) and establish the analytic
dependence of X from the partial criteria X =F (x,, x,, ..., xn). Then, the value of the generalized criterion X° 1 is determined
for the system variant 1 and X? for the system variant 2. Further, the values of the partial criteria from the designs of the two
compared CESs are inserted in the formula of the generalized criterion. The preference is given to the alternative that features
the highest generalized criterion value. Generation of generalized criteria on the basis of real connections with partial criteria
should help choose the correct preferable alternative (Brakhman, T.R. Multicriteriality and choice of alternative in technology.
Moscow. Radio i sviaz, 1984. — 288 p. — P. 56).
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The efficiency criteria classification is given in table 1. The choice of an operation’s efficiency
criterion must always ensure conformity of the goal with the purpose of the operation and the ef-
ficiency criteria. In cases when the required result of the operation is defined, the maximum proba-
bilistic guarantee criterion in more consistent with the purpose of the operation than the maximum
average result criterion.

Table 1. Efficiency criteria classification

Efficiency criteria

Suitability criterion Optimality criterion Adaptability criterion

Maximum result criteria:
maximum average result;
maximum probable guarantee;
maximum guaranteed result, etc.

Selection criteria:
freedom of decision-making;
self-organization, etc.

Acceptable result criteria:
acceptable guarantee;
acceptable guaranteed results, etc.

It should be noted that the cost-effectiveness criterion is widely used in the analysis of combat deploy-
ment of weapon systems [13]. Let us examine the cost-effectiveness ratio of a weapons system for the
purpose of the current tasks. Normally, this ratio is expressed in the graph shown in fig. 2.

7 ¢

Effectiveness

-

Cost

Fig. 2. Standard curve of weapon systems cost-effectiveness ration

If a weapon system can be represented as point A on the graph, then the tasks of the system clearly
exceed the budget. In that case either more humble goals should be set, or the whole weapon system
should be abandoned, or higher expenditure accepted in order to ensure the development of a weapon
system with performance corresponding to point B. If sufficient funding is provided, a system with per-
formance corresponding to point C can be developed as well. However, that would mean that we invest
more funds than economically feasible, and we should either look for other weapon systems or set more
conservative goals. If, according to the researcher and the person who uses the results of his or her activity,
the alternatives identified as the best as the result of model-based analysis, are acceptable, the analysis
process concludes. Otherwise, the search for better alternatives should continue or more humble goals
should be set.

The introduction of the cost-effectiveness criterion as the relation between the «effectiveness» and
«cost» allows the DM to make justified decisions in designing CESs. The popularity of this criterion is
due to the fact that it is very simple and clear. The correlation between the effectiveness of a decision
taken and the cost of its implementation shows, on the one hand, how much the investments are justified
and, on the other hand, the consequences of unjustified cost cutting. However, this philosophy is not as
simple as it may initially seem. The dependence of the criterion from the effectiveness is linear, while its
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dependence from the cost is hyperbolic (fig. 3). [7]. Due to that it gives clear preference to cheap solu-
tions (projects), while in expensive ones it is quite «condescending» to the costs.

A W= g,C = const ﬁw B -g—.3 = const

Effectiveness Cost

a) b)
Fig. 3. Dependence of the relation
a— W = (E/C) on the effectiveness (C = const); b— W = (E/C) on the cost (E = const)

One of the advantages of the cost-effectiveness criterion is that it is simple and transparent. Its disad-
vantage is that the dependence of the criterion from the effectiveness is linear, yet the dependence of the
criterion on the cost is hyperbolic.

When using the cost-effectiveness criterion, the user should be fully aware if the criterion corresponds
to his or her understanding of the task and address its disadvantages by limiting the application area as:
“cost not higher than ...”, “effectiveness not lower than ...”.

From April 28 to may 3, 2014 in Mexico hosted the First international Congress of advanced science
(The First International Congress of Advanced Science devoted to the study of the prospects of develop-
ment of mankind in the XXI century. During eminent scientists from different countries exchanged the
results of their scientific research on the prospects of social development of the society, taking into account
the latest achievements of modern science and technology. The Congress was attended by scientists from
eight countries: Mexico, Venezuela, Germany, Russia, Brazil, Cuba, China and Norway.

The conference expressed the view that the most important condition for the development of society
is correctly selected criteria base the quality of public life.

It was noted that current approaches are based on the concepts of gain and profit, and the sense of the development
of society as a whole and its subsystems (up to the individual person) is reduced to achieve maximum profit.

This approach directs economic and other activities on Maxi-optimization profit, but not on the growth
of socially useful product. That is the purpose of development of society is not achieving the maximum
extent of development of each individual and society as a whole, and extract the maximum profit at all
levels of society, sometimes to the detriment of the objective with significant public interest. And this
leads to the imbalance of the whole system of social production. In fact, the well-known crises of capital-
ism are such an imbalance.

Therefore, the highest criterion of efficiency of any production at any level of its hierarchy should be
the needs of society.

The efficiency of social production as a whole should be evaluated by the degree of conformity of range
and volume needs of the nomenclature and production of all kinds.

In this understanding, criteria such as income, profit or rent-turn profits are purely private and local,
auxiliary in nature and may not be used as the main, as is the case today.

Then the sense of the development of society is not confined to race for profit, but to the elimination
of appearing natural imbalances, allowing real crisis-free development of society. That is the purpose
of development of society is not extracting the most profit, and achievement of the maximum degree of
development of society as a whole'.

I Sivkov K. Future for socialism // Military-industrial courier. - 2014. - Ne 19 (537). - 28 may - 3 June. - 3 p.
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4. Classification of decision-making methods

There are a number of decision-making methods and models classifications based on various attributes
[14]. In a classification, each of the elements of the expression (1) may serve as its attribute and be char-
acterized by the following properties:

1. By presentation f. The presentation of the sets S and K may be deterministic, probabilistic or un-
determined, whereby the decision-making tasks may be divided into tasks under risk and tasks under
uncertainty.

2. By saturation of set K. A set of choice criteria may contain one or more elements, thus the
decision-making tasks may be defined as tasks with scalar or vector criterion (multicriterial decision-
making).

3. By system of preferences P. Preferences may be defined by one person or a team, subject to which
the decision-making tasks can be classified as individual and collective [15].

The individual decision-making methods and models with multiple criteria may be divided in the fol-
lowing main groups:

The first group includes:

— lexicographic methods;

— axiomatic methods of the multicriterial utility theory;

— methods of comparison of multidimensional alternatives (domination methods, compensations, non-
comparability thresholds).

The second group includes:

— methods of generalized criterion construction;

— verbal methods;

— methods of the fuzzy sets theory;

— intellectual methods.

The collective decision-making can be divided into the following groups:

The first group includes:

— methods of collective conflict-free decision-making;

— methods of collective selection;

— cooperation methods (expenses and profits distribution).

The second group includes:

— dynamic methods of collective selection in conflict situations;

— problems of allocation;

— collective behavior-shaping methods.

A brief description of the above methods is given in monograph [15]. The utilized classification prin-
ciple allows for, as we think, a clear definition of four major groups of methods. Three of them pertain to
decision-making under certainty, while the fourth one to decision-making under uncertainty.

5. Comparative analysis of decision-making methods in CES design

5.1. Overview of the decision-making methods

Over the past few years, a significant number of scientific papers in decision-making theory have ap-
peared. They deal both with the selection of alternatives in CES design [15, 18-20], and the development
of decision-making methods. Among those we can note monograph [15] that details the decision-making
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methods, including hierarchy analysis methods and analytic network methods, as well as methods based
on the fuzzy sets theory, cluster analysis method and combinatorial morphological analysis and synthesis
of systems, heuristic methods of search for new solutions, intellectual methods and systems of strategic
decision support and methods of the utility theory and game theory. The specificity of system analysis and
multicriterial task solving problems is covered in monograph [10] that details the methods of multivector
optimization and multivector classification.

The analysis of methodological decision-making theory literature, as well as scientific and
technical CES design literature shows that the following decision-making methods can be used
for the purpose of selecting primary areas of technology and CES development, namely perform-
ance evaluation:

— methods of convolution of vectorial criterion;

— tradeoffs minimization method;

— method of optimization based on the dominant criterion;

— ranking methods (binary relation method, successive tradeoff method);

— weight coefficient method;

— ideal point method;

— ELECTRA method;

— analytic hierarchy method;

— statistical methods of product quality evaluation (correlation analysis and regression analysis);

— spectral method of alternatives ranking;

— analytic hierarchy method;

— method of fuzzy preference relation;

— preference method;

— decision matrix method;

— documentation method;

— test method;

— Pareto method;

— reasoning consistency evaluation method;

— mixed alternative method;

— consensus method;

Table 2. Primary features of the ranking method

m .
1:: thz Essence of the Avblication area Advantages of | Disadvantages of Notes
method PP the method the method
method
While performing |In practice, this Dependence of
pe & | praciice, pen The order scale
the ranking, the |method in its pure precision and
i . . |generated as the
expert must ar-  |form is rarely reliability of ranking
. . result of rank-
range the objects |used. In most cas- on the quantity of |
. ., - . .. . Ing must meet
. |(factors) in an es it is used along [Simplicity objects. .
Ranking . o the requirement
order that appears |with another Promptness Subjective
method . } of the number
to be the most ra- [ranking method |Low cost evaluations.
. ) of ranks be-
tional and assign a|that ensures a The method does not |.
. o . o ing equal to
counting numeral |clearer distinction allow identifying the
. the number of
(1,2,3,etc.)to  |of the compared distance from one ranked obiects
each of them. objects. object to another. Jects.
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— expert evaluation methods (Delphi method, commission method, court method, brainstorming
method and its variants, i.e. individual brainstorming, mass brainstorming, written brainstorming, dual
brainstorming, reverse brainstorming, idea conference); mutual evaluation and self-evaluation method,
complex examination method).

Methods of ordering can be used if:

— the use of probabilistic methods is complicated;

— it is required to identify the most important alternatives or distinctive features out of a total number
thereof;

— it is required to compare certain quantitative factors that are very difficult to accurately measure;

— it is required to evaluate certain qualitative factors that are impossible to accurately measure, but it
is possible to compare to which extent they possess the said quality (“better”, “more important”, “more
useful”). The primary features of the ranking method are given in table 2.

During the design of new technology or performance evaluation, a DM must always answer the
question of applicability of certain decision-making methods. ADS developers face an even more
demanding challenge when they choose the mathematical tools of decision-making that are subse-
quently used in the development of an automated hardware and software system. There are a number
of papers that detail the key features of popular decision-making methods and guidelines to their
application [5, 7, 16, 21, 22].

5.2. An example comparative analysis of decision-making methods

Monograph [22] gives an overview and comparative analysis of decision-making methods used in per-
formance evaluation of CESs and other objects and recommends studying the weight coefficient method,
ideal point method and ELECTRA method. In the Otsenka 1 Vybor (Assessment and Choice) system an
object can be evaluated using the first two methods.

A comparative analysis of various decision-making methods is given in monograph [15]. fig. 4 shows the
results of a rational innovative project selection generated using a number of methods: analytic hierarchy
method [23], preference relation method, fuzzy method, additive convolution, maximum convolution. It
should be noted that innovative projects can be evaluated by a group of experts [24].

Priority

Analytic Preference Fuzzy in Additive Maximum
hierarchy relation ference convolution convolution
method method

Fig. 4. Results of comparative analysis obtained using various decision-making methods
as part of innovation projects evaluation
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Despite the fact that the input information is consistent, the results differ. As it is noted in [15], the
mismatching results can be explained, on the one hand, by different representations of expert information
and different approaches to decision-making, on the other hand. The analytic hierarchy method and the
preference relation method are based on the approach that involves pair-wise comparison of objects and
standard weight coefficients. The maximum convolution uses the approach that is bases on the assump-
tion that the best alternative is the one with minimum drawbacks according to all criteria. The additive
convolution uses the approach when low ratings have equal status compared to the high ones. The fuzzy
inference implements the heuristic approach.

The performed analysis shows that:

— each method has its restrictions and the researcher must get acquainted with a method before
using it;

— the main problem of multicriterial choice in CES design is the choice of criteria, as well as the pos-
sible integral estimations calculation;

— the heuristic approach provides ample opportunities of information representation.

6. Conclusion

1. In the course of the performed research:

— the significance of the decision-making methods and models involved in the development of new
opportunities in technology and CES design was demonstrated;

— one of the procedures and the possible mathematical model of decision-making in CES development
were analyzed;

— CES effectiveness was defined along with the criteria thereof;

— various types of decision-making methods were examined.

2. An analysis of sources regarding the theory and practice of decision-making has demonstrated that
comparative analysis of decision-making methods is an important factor in choosing the rational decision-
making method as part of practical activities and is underrepresented in scientific and methodological
literature as a CES performance evaluation method.

3. A reliable evaluation of technology performance requires the application of new approaches based
on comprehensive modeling and rational use of proven decision-making methods.
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