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INTRODUCTION

One of the characteristic features of the current stage of economic
development is the intense competition in the product sales markets. An effective
way to successfully compete is to continuously update the range of products,
improve their quality, expand functional characteristics and take into account
changes in consumer requirements. These circumstances determine the transition
from mass and large-scale production to serial and small-scale production of
products, as well as to the understanding of the need to modernize the organizational,
design and production structures of enterprises.

A concept for the development of an enterprise in market conditions has been
formed, in which the concept of development is associated with the constant
updating of the range of products in accordance with fluctuations in the market
environment. This concept for a purposefully developing enterprise is formed in the
form of its development strategy. Planning a development strategy provides for the
solution of such tasks as the formation of the composition of possible options for
plans, criteria for their assessment and the choice of the preferred option.

The main requirement for planning and assessing the feasibility of a
development strategy is efficiency. The solution to the problem of efficiency is
largely determined by the use of modern information technologies to automate the
processes of making managerial decisions, primarily in the field of production and
its main part - the technological process.

The first chapter of the monograph analyzes the tasks in the field of decision-
making for the development of an enterprise, taking into account the modern features
of the economy in the context of the instability of the external environment. The
structure of production is investigated with the allocation of its main part - the
technological process. The necessity of assessing the feasibility of options for the
development of an enterprise at the pre-project planning stage according to the main

technical and economic indicators is substantiated. The resource component of the



development plans feasibility is analyzed. Decision-making methods are reviewed.

The second chapter examines a generalized model for managing the
innovative development of an enterprise, taking into account the assessment of the
resource component of the feasibility of development plans. When forming options
for plans for the development of an enterprise, a precedent approach is used. The
issues of forming an archive of technological documentation of an enterprise on the
basis of structural models of technological processes are considered. The parameters
of production processes are estimated to select options for development plans.

In the third chapter, a generalized presentation of the set of information,
functional and structural parameters of the technological process is formed as the
basis of production. Methods for the formation and multi-criteria assessment of
technological process options are based on the use of the experience of past
developments. Models of making managerial decisions for the development of an
enterprise are considered.

The fourth chapter describes the modified structure of the precedent decision-
making system. Information support is formed in the form of a technological

database of the enterprise and a corresponding archive of technological solutions.



1 ANALYSIS OF ENTERPRISE DEVELOPMENT PLANNING
OBJECTIVES AND DECISION-MAKING METHODS

1.1 Tasks of industrial enterprise development management

The harsh conditions of competition in which an industrial enterprise operates,
and the high dynamism of the external environment require the development of
various kinds of strategies and means of adaptation to the disturbing influences of
the external environment, the improvement of the structure and target strategy of the
operation of the enterprise. A set of targeted strategies and management decisions
creates the basis for the development of an enterprise [1-3].

An enterprise is understood as a design and production organization that has
the structure and resources for socio-economic activities and interaction with the
external environment.

There are several formulations of the concept of development for systems of
different nature and properties of a developing object [4, 5]. The most general is the
concept of "development" of an enterprise as a purposeful system in the form of a
process of interrelated actions aimed at achieving the formed goal [6]. The paper [4]
defines the concept of development for purposeful artificial systems. Here,
development is viewed as a process of setting and achieving new goals that are
dictated by the external environment, or are formed at the enterprise as a result of
the analysis of its functioning.

The environment in which the production activities of industrial enterprises
are carried out significantly affects the tactics and strategy of their behavior, and
above all in matters of planning production processes in terms of volume and
nomenclature.

Enterprises, trying to maintain their position in the market in conditions of
competition and instability, are forced to continuously improve business processes,

mastering new technologies and equipment. The issues of improving the methods of



planning and managing the development process, the development of innovative
products are of particular urgency and need [7-9].

The initial step in the entire management process is to define the management
objectives. The goals of management differ in their content, for example, social,
economic, environmental, etc.; this division should be understood as the definition
of the predominant factor in the implementation of a certain goal [10, 11].

For industrial enterprises, priority is given to the technological goals of the
enterprise development, taking into account a number of related aspects, such as, for
example, and ecology. One of the characteristics of goals is their temporal aspect,
since short-term tactical goals are a means of realizing long-term strategic goals,
generating a hierarchical structure of the goal tree [12].

In most cases, strategic objectives at the initial stage of planning are set in a
qualitative form, determining the general direction of development, as well as the
range of possible trajectories for the implementation of a given goal [13-15].

The object of management, in which technical, production, economic,
determines the content of the management process and social components can be
distinguished.

From a technical point of view, it deals with the processes of managing the
design and transformation of the original product into products. In the production
plan, management is the process of organizing production, i.e. interaction of
elements of the structure of production. In economic terms, the management process
is aimed at planning, monitoring and optimizing the economic parameters of the
enterprise's business processes.

A managerial decision is a link in the management process that is made when
there is a problem [16].

The process of solving the problem is reduced mainly to the following stages:

» identification, formulation and substantiation of the problem;

* analysis of information necessary for making a decision;
y
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» selection and formulation of possible solutions;

« selection, justification and formulation of the best option.

The emergence of problems and their assessment can occur in two different
situations: when the starting point is the problem itself and when the starting point
is the possibility of a different solution to an already known problem. The situation
of a "new problem" requires assessing the urgency of the problem and clearly
formulating it. The situation of "new opportunity" means the emergence of new
rational ways to solve a known problem and the need to assess and choose the
preferred way.

The main difficulties that one has to face at the stage of forming and selecting
possible solutions is to determine the number of alternatives and the criteria for their
assessment. Additional difficulties arise for the reason that not all information lends
itself to formalization, and both analytical approaches and various heuristic methods
are used to select options [17].

At the pre-design stage of the analysis of the feasibility of development plans,
the criterion of "effectiveness" can be considered quite acceptable. If this or that
option contributes to the achievement of the set goals, it is called effective,
regardless of the degree of this effectiveness. It is more difficult to determine the
effectiveness of options if several goals are set or when one goal contains a number
of criteria, which is quite common.

Models and methods of assessment and decision-making make it possible to
choose from a formed list of possible alternatives. If the selection of possible options
is carried out on the basis of a general performance criterion, then the assessment of
solution options is made on the basis of the entire set of criteria that make it possible
to obtain an assessment of each option. The works of this stage are the most
responsible because of the high cost of mistakes in choosing the way to achieve the
goal.

Considered in general terms, the target approach allows the most complete

11



solution of the decision-making problem for the development of an enterprise
development strategy [18].

Under the influence of the external environment, the business processes of an
enterprise can be influenced by random disturbances, which lead to the need to
forecast the development of an enterprise as a system with a high degree of
uncertainty in the initial data. Analysis of the feasibility of development plans is an
important element of forecasting the process over time [19-21].

Thus, the development of an enterprise is a process of purposeful change in
its internal states under the influence of external management and self-organization
processes of both individual subsystems and the enterprise as a whole [18].

There are several main sub-processes of management that determine the
general process of enterprise development:

» financial - control and management of financial resources;

* logistic - movement of material and financial flows;

e production and technological - management of the technical and
organizational subsystems of the enterprise;

* human resources - organization and management of human resources.

Each analyzed process (technological, financial, personnel, etc.) has its own
discipline of development and, therefore, its own criteria for assessing feasibility. At
the same time, these processes are closely related to each other as parts of the whole
and, analyzing them separately, it is necessary to make a final assessment based on
the analysis of their joint interaction and impact on the processes of the entire
enterprise [22-24].

These processes are subsystems of the general system with their global
development goal and its criteria. Perturbations of the external environment are
perceived by subsystems in different ways, and the resource for compensating
perturbations is formed either autonomously by the subsystem from its reserves, or
with the involvement of centralized management [25].

When analyzing the options for achieving the goal, the issues of assessing the
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feasibility of the goals defined for the subsystem are considered, and it may turn out
that the formed goals are unattainable under the given conditions and with the
allocated resources. In this case, a problem arises associated with the need for system
optimization, when targets and constraints are considered as variables. It becomes
possible to vary the variables in a certain range and to solve the complex
optimization problem by the criterion of generalized efficiency. This allows to get
estimates of resources, timelines, etc. to predict the process of development of an
enterprise as a system and its interaction with the external environment [26-28].

The decision maker (DM) regarding the enterprise development strategy is
faced with the problem of analyzing the situation and assessing the way to
implement the chosen strategy. First, the task of finding a set of acceptable actions
is solved, and then the choice of the best strategy is made.

The procedure for finding possible solutions to a specific problem can be
represented as a sequence of the following steps [29]:

» formulation of the problem (situation);

» forecast of the development of the situation;

» establishing diagnosis;

* collection of additional information;

» formation of a list of possible strategies;

* choosing the preferred strategy;

» forecast of the effectiveness of the chosen strategy;

* decision-making.

An enterprise is a complex organizational, technical and socio-economic open
system associated with various objects, including the external environment, which
is not fully manageable and controlled. The state of the external environment is
determined by a large number of interrelated factors. The enterprise has a number of
features that characterize it as a complex artificial, dynamic, purposeful system [30-
32].

The main goal of the development of most industrial enterprises is the desire
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to improve the socio-economic situation. In a market economy, enterprises are faced
with market instability, random fluctuations in competitors' strategies and risk
factors when planning behavior strategies and forecasting development processes.
Thus, the development of an industrial enterprise is mainly associated with the
design, production and promotion of new competitive products on the market,
according to the market demand [33-35].

The enterprise development management system is designed to ensure the
integrity of the analysis and coordination of all processes and the optimization of
options for business processes (production), organizational, financial and economic
aspects of the enterprise [36, 37]. Planning and assessment of the feasibility of
enterprise development plans is based on the formulated global strategic goal and
the coordination of sub-goals of each of the incoming subsystems.

The transition from the conceptual stage of development management to the
development of options for its practical implementation occurs on the basis of a pre-
design study of various options and an assessment of the feasibility of achieving
goals by individual subsystems and the global goal of the system in accordance with

the strategic concept of development [38].

1.2 Analysis of enterprise development processes

Purposeful management of enterprise development can be carried out in
various ways, depending on the content of the formulated goals, the criteria for their
assessment and the definition of the concept of enterprise development as a process
[39]. An uncontrolled process of development of an artificial system increases its
entropy and leads to an increase in the unpredictability of its behavior [40].

Industrial enterprises with a discrete cycle of multinomenclature serial
production are characterized by the peculiarities of business processes, determined

by the type of products manufactured, the volume of output, the type of
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technological process, serial production, etc.

The enterprise interacts with the external environment, which includes
[20, 21]:

» suppliers of materials and components;

» consumers of finished products;

» the legislative framework;

» financial situation in the country;

* competitors, etc.

It is necessary to study the state of the external environment and to predict the
occurrence of destabilizing effects on the planned operation of the enterprise.

Manufacturing as a system for converting raw materials into tangible products
1s a multi-level hierarchical object for both management and development planning.
There are three levels of production planning and management:

* strategic,

* tactical,

* operational (fig. 1.1) [41].

At the strategic level, a long-term plan for the development of the enterprise
is developed on the basis of studying the market situation and assessing the state of
the enterprise [42]. At the tactical level, plans are developed for production work,
equipment modernization, and delivery schedules for materials, components, etc.

In the process of managing the development of an enterprise, various areas of
its activities are considered, that is, the business processes of production and the
associated tasks of ensuring environmental requirements.

The results of the analysis of the feasibility performed in the relevant
structures of the enterprise are concentrated in the organizational subsystem to
generalize and form complex options for their consideration by experts and decision-
making by DM.

At present, a fairly large number of information support systems for design,

planning and control of the functioning of existing industrial production systems
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have been developed.

| marketingl 1. Strategic level.

External Development forecast |«
environment economics and planning

A
Y

2. Tactical level.

» Planning and control of
implementation
)}
v
Flanning and Database: .
management of ast Resource planning
development pa: and management
: experience
production
Y A 4
[ Information support
A
v
3. Operational level.
Production planning and
control at workplaces

Fig. 1.1 Production planning and control levels

Planning for the development of an enterprise is an assessment of the
possibilities of implementing each of the proposed options for each of the analyzed
aspects and the development plan as a whole.

The assessment of the possibility of ensuring sustainable development of the
enterprise is determined by the availability of appropriate resources (own and

borrowed) and their rational use. In particular, it can be a resource balance formula
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of the form [18]:
AWqu—Wp—Wm—m (1.1)

where AW — free resources; W, - revenue side resources; W), - — resources of the
consumable part, given to the external environment; W, - domestic consumption
resources; W - resources of insurance funds (protection against risks, stabilization

of external influences). If AW > 0, then resources for development are available.

However, in various forms of economic analysis of innovative activity, the
resource is considered in terms of all its components in value terms. This is a
necessary, but not sufficient condition for the plans to be implemented. It is
necessary to take into account the scientific and technical level of competitors and
the existing intellectual and material base of the enterprise.

The steadily developing enterprise plans a promising strategy for further
functioning based on research, design and testing of experimental samples of its own
production. The resources allocated for these works, if necessary, can be used to
stabilize the arising disturbances.

The development fund, embodied in a portfolio of modernization projects and
the creation of new samples of competitive products, can be used as a stabilization
resource.

The development fund must be used to organize a continuous process of
updating production and manufactured products, transforming its monetary content
into the development of the intellectual base of the enterprise and equipping with
advanced equipment.

Thus, an enterprise will be considered as consisting of two functional
subsystems with their own management methods - a subsystem for managing the
main production activity and a subsystem for planning and managing development

based on the organization of the innovative process of creating competitive products.
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1.3 Generalized description of the production process and the main

criteria for its evaluation

The main contribution to the formation of such properties of products as
reliability, competitiveness, cost, etc. belongs to the production stage and its main
component - the technological process [43]. Thus, the main characteristics of a
product that provide its market advantages depend on the level of design projects
and the perfection of the product manufacturing technology.

In modern market conditions, large-scale production is being replaced mainly
by small-scale, constantly modernized and renewed production, which is able to
quickly respond to fluctuations in the market situation. This circumstance forces us
to quickly develop and implement new technological processes, equipment,
materials, etc.

One of the ways to reduce the time for the development of technological
processes, and, consequently, production as a whole, is to use the previous
experience in project development [44].

Separate structures and functional components of production react with
different degrees to operational change of external environment leading to change
of production functioning. In addition, various types of production, type of products,
serial production, etc. also affect the mobility of reactions to external influences. The
situation considered to the greatest extent concerns enterprises working for the
consumer market and, to a lesser extent, for manufacturers of standardized products,
where mainly supplies are made under long-term contracts.

For the classification of industries, various characteristics can be selected, for
example, the complexity and volume of production, the type of technological
process, the level of automation, etc. Such characteristics as the complexity, volume,
rhythm and serial production are most often used as initial information for making
decisions at the initial stages, planning the release of new products or modernization

of production [45].
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The set of possible options for the structure of the technological process is
determined, on the one hand, by the given characteristics of production, on the other
hand, the options may differ in internal design-inherent properties, such as the level
of typification, flexibility, level of automation, etc.

The second central research issue is the task of evaluating options and
choosing the acceptable. As part of solving this problem, it is necessary to determine
a list of characteristics for comparing options and how to measure them. For this
purpose, below we consider the main issues of organizing TP, characteristics of their
properties, equipment, TP typification, etc.

In general, the production system consists of two subsystems: an
organizational subsystem and a technical one [38]. Fig. 1.2 shows a typical structure

of a technical subsystem.

Production
AUX|I|ary Main production Service production
production
Manufacturing of Incoming control
equipment, tools of logistics
and fixtures

Procurement Assembly
production production

\

Processing
production

Fig. 1.2. The main elements of the technical subsystem of production
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The basis of the technical subsystem is made up of technological production
processes, which consist of separate operations [46, 47]. The set of operations
located in a time sequence constitutes the operational technological process (OTP).

At the pre-project planning stage, when assessing the feasibility of possible
TP options, the information obtained at the first stage of technological preparation
of production (TPP) is of greatest interest, which consists in the development of
requirements for planning material and technical supply, calculating the
consumption rates of materials and components and determining the labor intensity
by type of work. At the same time, an assessment of such production parameters as
time, resource, personnel and environmental parameters is carried out. This
information is used in assessing TP options and making decisions on the choice of
long-term plans for the development of the enterprise.

Modern trends towards a reduction in the share of mass production towards
an increase in small-scale production can lead to an increase in the cost and terms of
production preparation and, as a consequence, to an increase in the price of
manufactured products, and, accordingly, to a decrease in the profitability of
production. The reduction of this negative impact can be regulated by such a
criterion for assessing TP as flexibility, determined by the share of use of universal
equipment and existing equipment. At the stage of pre-design analysis of the
technological feasibility of development plans, it is necessary to take into account
the possibility of increasing flexibility through design and technological design
solutions.

The scientific, methodological and applied basis for the technological
preparation of small-scale production, which increases its efficiency, is the
typification of technological processes and group processing of parts. These
characteristics of TP are criteria for assessing and choosing an acceptable option for
organizing the production process.

The choice of the TP option is largely determined by such product design

parameters as manufacturability [45].

20



The indicator of the coefficient of continuity is also involved in the assessment
of TP options. It is most essential for such characteristics of business processes as
timing, costs and quality.

Let's list the main features and tasks of work at the stage of pre-project
analysis and management decision-making.

1. The modern market economic policy has moved away from the mass
production of the same type of goods. The market situation forces to switch to
expanding the range of products in small batches due to the modernization of
existing samples and the release of new ones.

2. The implementation of this strategy largely depends on the mobility of the
manufacturer's production base and its ability to quickly and cost-effectively rebuild,
using the experience of past developments and available external borrowing.

3. The ability of production to adapt to the market situation in a mobile way
is determined by the properties of the technological process of the main production.

4. Decision-making should involve a comparative selection of options, the
assessment of which should be made promptly and without significant costs for a
detailed study of each option.

5. Representation of TP in the form of a set of functionally completed in time
independent blocks makes it possible to create on their basis a computer base of
accumulated experience, which allows you to quickly consider various options for a

possible construction of the production process.

1.4 Overview of decision-making methods

The widespread use of information technology in industry and the economy
has now become a significant factor in improving the quality of planning and
management of enterprises. The high level of instability of the external environment

forces us to develop and use methods of prompt response to external disturbances,

21



relying on the means of automating intelligent processes for managing the
development of an enterprise. Therefore, an important task is to formalize decision-
making processes as the basis for the procedure of purposeful activity to manage the
development of an enterprise.

The founder of decision support methods is D.A. Pospelov [48]. The ideas of
logical-linguistic management, developing the ideas of situational management, for
the first time made it possible to create models that describe the knowledge of
specialists in complex non-deterministic subject areas with fuzzy logic and vague
definitions.

To date, the following methods are known in the theory of decision support.

Utility theory methods. D. Sedvizh developed an axiomatic theory that allows
you to simultaneously measure utility and subjective probability [49]. This is
reflected in the subjective expected utility (SEU) model, where probability is defined
as the degree of confidence in the occurrence of an event. The advantage of the
model is the ability to select the parameters of the SEU model. As a result, the main
task is presented in the form of a decision tree (DT) [50]. In some of the vertices of
the DT, the choice is made directly by the decision maker, in the other part - on the
basis of the subjective probability of the occurrence of events. The decision tree ends
with outcomes, each of which is assigned a certain utility. The probability of each
outcome is calculated as the product of subjective probabilities on the path from the
top of the DT. By "folding" the DT from end to beginning, the outcome with the
highest subjective expected utility is selected. The decision tree method allows
decision makers to determine the optimal sequence of actions, taking into account
personal assessments and preferences. The main drawback of the axiomatic theory
is the unverifiable nature of the axioms.

Prospect theory methods [51]. Prospect is a game with probabilistic outcomes.
The methods take into account three behavioral effects: the certainty effect - the

tendency to give more weight to deterministic outcomes; reflection effect - to the
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measurement of preferences in the transition from gains to losses; isolation effect -
a tendency to simplify choices by eliminating common components of solution
options. The disadvantage is that this method does not solve all the problems that
arise when studying the behavior of people in the problems of choosing a solution.

ELECTRE method. B. Roy proposed a constructive approach to the
development of solutions, in which methods, models and concepts are considered as
auxiliary means of practical analysis of the situation [52]. These tools make it
possible to understand the goals of decision making and better understand the
preferences of the decision maker [53]. The disadvantage of ELECTRE methods is
that they are auxiliary tools and not a way to come up with a better solution [54].

Hierarchy analysis method [55-57]. This is a decision-making method based
on a multi-criteria description of the problem. The method uses a criteria tree, in
which general criteria are divided into criteria of a particular nature. For each group
of criteria, importance coefficients are determined. Alternatives are also compared
with each other according to separate criteria in order to determine each of them.
Pairwise comparison is a means of determining the coefficients of the importance of
criteria or the criterion value of alternatives. The comparison result is assessed on a
point scale. On the basis of such comparisons, the coefficients of the importance of
the criteria are calculated, the assessment of alternatives, and the overall assessment
is found as a weighted sum of the assessments of the criteria. In the course of a
detailed study, the following shortcomings were identified: mismatch of estimates
associated with difficulties in assessing the relations of complex elements; the
recalculation of the ratios of the significance of elements into their importance is
carried out by an approximate method.

Heuristic methods. Heuristic methods are described in the works of J. Jones
[58], I. Muller [59], and A.I. Polovinkin [60]. An example of a heuristic method is

the compensation (or interference) method. This method is used for pairwise
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comparison of alternatives. The advantage of heuristic methods is simplicity and
convenience, and the main disadvantage is that they all have no scientific basis.

Methods and models of knowledge and artificial intelligence [61-64]. These
models are conventionally divided into declarative and procedural. In declarative
models, knowledge is presented in the form of descriptions of objects and relations
between objects without explicitly specifying how to process this knowledge. Such
models imply the separation of descriptions of information structures from the
inference mechanism operating with these structures. In procedural models,
knowledge is represented by algorithms (procedures) that contain the necessary
descriptions of information elements and at the same time determine how to process
them. The concrete models used in practice are a combination of declarative and
procedural representations. The most common are logical, production, network and
frame models of knowledge representation.

The analysis showed that the considered methods, which form the basis of the
theory of decision-making, are often axiomatic and heuristic in nature, i.e. do not
have a rigorous scientific proof (they are presented in the works of L. Aleksandrov
[65], N. Vvedensky [66] and Yu. Vermishev [67]).

The content of the decision-making procedure can be defined in four stages:

» goal formation;

* determination of the set of possible ways to achieve it;

* development of a method for evaluating options;

* choosing the best solution.

Thus, the problem of evaluating and choosing an option is part of a more
general decision-making problem, which in turn is part of systems analysis and
systems theory [68, 69]. A system is understood as a set of elements on which a
certain set of relations is implemented, which order the elements into a structure that
has a set of properties that ensure the achievement of the set goal.

The implementation of the stage of evaluating options is associated with the

need to move from qualitative linguistic variables to a certain metric of a given set
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of particular criteria of options [70, 71]. The complexity of solving the problem of
multivariate estimation is due to the multidimensionality of the factor space and the
heterogeneity of its dimensions, intervals of possible values, etc. Thus, the problem
arises of constructing a multivariate estimation model that corresponds to a certain
decision-making situation.

From a formal point of view, the choice of the best version of the system from
the admissible set is the main task of decision-making, and the main stage of
assessment is the determination of the best solution.

Difficulties in deciding on the choice of the best option in multicriteria
problems arise in situations where one particular criterion cannot be improved
without deteriorating at least one other criterion. This situation is identified with the
so-called area of compromise (Pareto area). In the general case, the solution of
compromise problems can be carried out by introducing some additional rule, the
principle of optimality, which makes it possible to decide on the choice of the only
best option [72].

Basically, a decision on the choice of an option can be carried out on the basis
of one of two approaches [73]:

* heuristic (informal), when the ranked series is formed by the decision maker
on the basis of intuitive considerations;

» constructive (formal), when a certain principle of optimality (compromise)
is formed on a set of contradictory particular criteria [74].

The problem of making a multicriteria decision can be formulated as follows.

A set of possible solutions X and a set of particular criteria K={K;}, i =1,n,
characterizing each of these solutions are given, and there is information about the

mutual importance of particular criteria /(a;). It is necessary to find (accept) the best

solution x° from the given:

xozargextrP(x), (1.2)
xeX
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where P (x) is a utility function.
The theoretical basis for the formation of multicriteria scalar estimates is the
utility theory, which assumes the existence of a quantitative assessment of the

preference of solutions in the sense that if the solutions X;,X, € X and

X f X5 (X 1s preferable than X, ), then the utility function

P(x1) > P(x,).

The construction of a mathematical model, including the utility function,
provides for the need to solve two problems - structural and parametric, i.e.
identification of factors influencing the output and definition of structure, i.e. the
kind of operator that establishes the connection between the input and output data of
the model. The second task is related to the determination of quantitative values of
the model parameters. The form of the decision utility function x is determined by
the particular characteristics K;(x), which have different weights for the decision

maker. Then the utility function is defined as:
P(x)=F|%.K;(x)]. i=1n, (1.3)

where A; is an isomorphism coefficient of the i-th particular criterion K;(x),

F’ — operator that determines the type of dependency.

The operator F' can be specified in the form of the two most well-known ways

of representing the utility function [89] - additive

and multiplicative
n
Particular criteria describe different properties of variants and therefore have

different dimensions and ranges of values. Thus, a form of representation of the
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utility function is needed, which makes it possible to take into account the
importance of particular criteria, and at the same time bring dissimilar K;(x) to the
same measurements. Such requirements are implemented by representing the utility
function in the form:

P(x)=¥ aK! (x). (1.4)
i=1

where a; — relative weights coefficients 0 < a;< 1, i a; =1, KZ-H (x) — normalized
i=1
partial criteria.
The construction of such a model is made in several stages:

e reduction of all particular criteria K;(x) to isomorphic form;

e determination of methods for obtaining information from the decision
maker about the values of the coefficients a;;

¢ definition of the operator F in the utility function.

A constructive approach to decision making is focused on defining formal
rules for choosing a single solution from the area of compromises [76]. Two cases
are possible.

1. Decisions are ranked in the order of decreasing or increasing quality on

the plural of compromise X or on the entire admissible plural X, that is, strict x; f

x>f ... T x,ornon-strictx; f xo~x3f xaf ... T x,orderis determined, where

f and ~ are signs of advantage and equivalence, respectively; then find the extreme

element of the series.

2. Directly determine the extreme solution x°f Vxe X .

The general approach to solving this problem is to transform a multicriteria
problem into a one-criterion problem with a scalar criterion. There are several ways
to transform multi-criteria optimization problems into single-criteria.

The principle of the main criterion is based on the selection of the main

criterion and the translation of all other criteria into a limitation [77]. For this, an
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analysis of the features of a multicriteria problem is carried out; the most important
one is selected from a set of criteria, which is taken as the only optimization criterion.

For each of the other criteria, a limit value is assigned, below which it cannot fall.
The choice of the main criterion and levels of restrictions kz‘HF (x) for all other

criteria is a subjective operation carried out by experts or decision makers.

Functional cost analysis [78]. The initial number of particular criteria

K={xix)}, i =1,n—1, is divided into two subsets:
Kr={k(x)}, j=1,m and Ky = {kix)}, [=L,L;m +L =n.
The first group of criteria KFr characterizes the functional quality of the

solution, that is, the degree of achievement of the goals of the system. The second

group Ky - costs required to implement the solution x. One main criterion is

% %
distinguished from each subset; denote them respectively K and Kj,, and other

particular criteria are transferred into limitation. We get an optimization problem
with two scalar criteria. Therefore, there is a need to bring the constructed problem

to a single-criterion by one of the following methods.

1. If both criteria K; and K; have the same measurability or they can be

transferred to the same measurability, then a generalized optimization criterion is

used

Kl(x):K; (x)—[{; (x) (1.5)

and the optimal solution is determined according to the scheme

X = %{K; (x)- Ky (x) ], (1.6)

where X - the area of feasible solutions narrowed by additional restrictions.

Criterion K (x) can be interpreted as system profit.
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2. If the criteria K; and have different measurability, the form of the

generalized criterion is used

K*
Kz(x)=&, (1.7)
Ky (x)
and the optimal solution has the form
%
X9 = max KF—(X) . (1.8)
xeX [{V (x)

Criterion K>(x) is the effect of the system normalized per unit of expenditure.

3. To reduce a two-criterion problem to a one-criterion problem, the principle
of the main criterion can be used.

The principle of sequential optimization (lexicographic ordering). The idea of
this method is to transform a multicriterial optimization problem into an ordered
sequence of one-criterion. To do this, all private criteria are ordered in a sequence
of decreasing importance: k; f ko f ... T k.

In accordance with the principle of sequential optimization of solutions

u € X, v € Xthe first is more important, thatis # f v, if the conditions are met

k-(u)=kj(v), kj(u)>kj(v), j=0,i, i=1n. (1.9)

Hence, the best solution is determined according to the following scheme. At

the first step, from the initial set of feasible solutions X, a subset xlo of solutions is

selected that are equivalent according to the first (most important) criterion. For this,

the one-criterion optimization problem is solved:

x) = argmax k; (x). (1.10)

xeX
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If the set xlo contains more than one solution, go to the next stage, that is, we

solve the problem of choosing equivalent solutions according to the second most

important criterion, but already from the set xlo :

X)) = arg max k, (x). (1.11)
xe
xex’

1

Optimization continues until we get a single solution at the i-th step or all the
criteria are exhausted. If all the private criteria are exhausted, but the only solution
1s not received, additional criteria are formed.

Formation of a generalized scalar criterion that takes into account all private

criteria. In this case, the only criterion K is formed as a functional of particular

criteria
K=F[k(x)]. i=Ln. (1.12)

This is the most general and universal approach to solving the multicriteria
optimization problem, known as the multivariate estimation problem. The central
task of this problem is the synthesis (identification) of the model for the formation

of a generalized assessment.
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2 STRUCTURAL AND PARAMETRIC MODELS OF TECHNOLOGICAL
PRODUCTION PROCESSES

2.1 Generalized model of resource provision for development plans of

enterprises

For enterprises producing consumer goods or products under contracts, the
main incentive for the formation of an innovation program is the results of market
monitoring and analysis of competitors' behavior strategies. On the basis of this, a
development strategy plan is formed in the organizational system of the enterprise,
which is based on a program for the modernization of products or the development
of new product samples.

The implementation of these programs is mainly carried out in the field of
production, and success is determined by the level of business processes, technical
and personnel security. The innovative component of the development plan is less
concerned with changing the functional purpose of the planned modernization and
is mainly associated with the finalization of the design, the use of new materials,
technological processing processes and the corresponding technological equipment
and specialists of the required qualifications.

Thus, the development of a development strategy associated with the
development of new types of products is mainly based on assessing the technological
feasibility of plans in the required time frame.

The production system fulfills the set development goals due to its inherent
properties of a different nature and, above all, properties of a systemic nature [17].

A goal-oriented system can be represented as
S=(E@),R(1),P.(1)) 2.1)

where E(t) — a set of system elements and properties; R(?) — a set of quantitative

characteristics; R(?) - a subset of properties that allow the system to achieve a given
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goal.

In the process of functioning, the system spends a certain amount of the
planned resource W; (¢), partofiit W; (¢) is allocated for the development resource.

The analysis of the state of the external environment provides information for

predicting and taking into account random perturbations on the system from the

worst B*(t) to the best B"(t). Then the resources are distributed as follows: W; (?)

- to compensate for perturbations B*(t) and W; (t) - to compensate for

perturbations B"(t).

Then if W'(t) = W;*(t), the value of W), (t) should be considered as a means
of stabilizing the functioning of the enterprise and as a means of forming new
strategies.

Internal disturbances are associated either with a violation of the production
schedule of work due to technological reasons or errors in the documentation, or due
to emergencies of various natures. In the first case, the situation is restored without
significant material losses. In the second case - emergency situations - material costs
are compensated by insurance organizations, and disruptions in delivery terms under
contractual obligations are provided in force majeure terms of contracts.

The most characteristic external disturbances can be considered the
deterioration of market conditions, leading to falling demand and changes in
monetary policy by the state in the worst direction for the company.

The success of competitors in the market must be contrasted with their
achievements in the field of modernization of products or the creation of new
product models. Given the high inertia of socio-economic systems, compensatory
management should be carried out with anticipation of the most effective means of
stabilizing market conditions.

Efficiency of entering the market with new products can be ensured if there

are options for new products with varying degrees of completion. To implement this
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requirement requires a management system of innovation in the enterprise as a
means of ensuring sustainable development.

At present, such an approach to the analysis of development processes has not
been sufficiently applied due to the lack of scientifically sound methodology and
tools for information support for decision-making in the field of development
strategy, selection of possible development options and evaluation of their feasibility
at the pre-project development planning stage.

The analysis of the process of enterprise development can be represented by
some stages, reflecting the composition and interaction of the elements of the
considered subsystems and the system as a whole.

At the stage of formation of goals and strategies of their achievement, displays

are performed:

R (n)
Mg X Wy X Py X C— S,

R
S, x]xC an P, (2.2)

R (n)
ZXP,— K,

where M - strategic plans for enterprise development; W, - the amount of resources
for enterprise development; P}, - structure of competitiveness indicators; C - options
of subjects of external environment behavior; J - set and characteristics of economic
relations of  the enterprise ~ with  the external environment;
Sp - a general list of possible development strategies; P, - the composition of the
technical and economic indicators strategies used to assess the options;
Z - many goals achieved by the company through strategies; K - a set of decision
evaluation criteria.

The symbol R (n) indicates that the mapping is the result of heuristic

procedures for the formation of variants and criteria for their evaluation.

Following the mapping (2.1), a set of possible innovations, their
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characteristics and implementation technologies is formed:

R ()
Qo X Sy X Z X M, — Q, 2.3)

where (- possible (initial) set of innovations; M- set of production technologies.

Next, the allocation of W}, resources to various innovation plans W is carried

out.

R (n)
OxWy— W, (2.4)

and evaluation of results L, for each innovation

R (n)
QX MyxC—> L. (2.5)

At the final stage of the development strategy, innovative resources are

allocated to the stages of the innovation life cycle.

R ()
QxXWy xXu— W,

R (n)
QX Lyxp—> Ly, (2.6)

where W, - a set of resource allocation plans for life cycle phases; [ - stages of the

innovation life cycle.
Thus, a generalized model of enterprise development management is proposed

in the form:

V, = V,(Wy, Sy, Q, Wy, Ly, Wy, Ly). 2.7)

The enterprise development script C,, can be presented as follows:
Cp = Wy, Wo, Cs, 0 (%)), 2.8)

where Vp— development management; C- possible scenarios of environmental
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subjects behavior; @ - set of parameters of enterprise development trajectory.
Theoretical-multiple representation of the processes of enterprise
development allows to form practical problems of development management in

terms of management theory in dynamic systems. These are definition tasks:

e control I}, for the required trajectory O,

e possible development trajectories under a given management,
e criteria for optimizing the development process at given parameters of

controls V,,

e (C, script and trajectories.
On the basis of the formed generalized model it is possible to carry out the
analysis of processes of development of the enterprise that allows to consider from
uniform positions functioning of elements and system of production both in the

course of the main activity, and in the course of development.

2.2 Formation of variants for technological processes based on a

precedent approach

When assessing the technological feasibility of enterprise development plans,
information is needed, which is formed from the analysis of technological
documentation of basic samples of past developments.

To solve this problem, an archive of past developments is used, in particular,
technological solutions, which stores information necessary for decision-making at
the pre-project stage of enterprise development planning. Of particular interest are
the requirements for the equipment of the technological process with equipment and
facilities, as well as labor intensity by type of work. This information can be obtained
from the analysis of documentation of past developments, in particular, for the base
sample, the most suitable in terms of parameters for the planned products. Search

and selection of basic samples-analogues is made in the system of precedent type
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taking into account the degree of similarity to obtain the necessary information about
the type of TP, the required equipment and complexity of the work. The difference
between the individual parameters of the base sample and the planned depends on
the volume and content of the upgrade.

In general, the procedure for assessing the feasibility of the development plan

of the enterprise consists of solving a sequence of tasks:

o description of the scope and content of the planned innovation;
o search and selection of possible analogues in the works of past periods;
o selection of the basic sample-analogue and assessment of its degree of

similarity with the planned one on the set of formulated parameters of comparison;

o development of models of functioning of subsystems and as a whole
production process for an estimation of such parameters as productivity,
rhythmicity, volume of unfinished production and others necessary for carrying out
an estimation of technical and economic indicators;

o modeling and evaluation of technological equipment and control
system depending on the planned volume of production.

A feature of the decision-making process when choosing an option for
enterprise development is the need to analyze large amounts of information in the
presence of time constraints to assess options and a significant level of uncertainty
inherent in the pre-project stage. On the other hand, the process of forming options
as a basis for selection is a non-trivial decision-making task, especially at the pre-
project stage. The possibility of missing an acceptable option reinforces the
importance and responsibility of this stage. When forming the list of possible
options, various methods of information retrieval are used, including the method of
analogies (precedents), based on the use of experience of past developments.

According to the provisions of precedent theory, also known as Case-Based
Reasoning (CBR), a precedent is an information block that includes a basic situation,

a corresponding solution, and a list of direct performers. In the process of
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professional activity in some area problem-oriented precedents are formed, which
accumulate in the store, which can be traditional databases, specialized knowledge
servers, multidimensional databases, archives, etc. The situation for which a
precedent has been set is hereinafter referred to as the reference or baseline.

It is proposed to use a precedent approach [79] to make decisions on the choice
of production development option, which allows to solve the problems of decision
support in complex poorly structured systems. The choice of this approach is due to
the fact that often at the production plant by the time of the problem of new products
or its modernization has already accumulated considerable experience in solving
similar problems that arose earlier [80, 81].

The solution of the problem by analogy is based on recognizing the current
problem situation, information about which is presented in the form of an image
(analogue), and finding similar images contained in the image store (precedent
database), followed by their adaptation and reuse to solve research problems.

Decision-making based on a precedent approach involves solving the

following set of tasks:

. the choice of how to present knowledge about the situation and possible
solutions;
o determination of the method of search and selection of technological

solutions in the store of precedents;
J development of a method for identification and adaptation of solutions.
A typical precedent is a structure that consists of a description of the problem
that characterizes the situation at the time of activation of the precedent, and a
solution that contains possible options for decision-making.
The algorithm for creating a base of precedents includes the following phases:
1) determination of the weights of the features to assess the level of
significance of the precedent in the database under consideration;

2) clustering of precedents by identified features;
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3) search for the required set of precedents based on the criterion of
similarity of situations.

In phase 1, the evaluation function of the features is determined - the smaller
(or larger) the value of this function, the more important the corresponding feature.
The evaluation function allows further selection of relevant precedents, using a

similarity relationship based on many of the most important features.

For a given set of feature weights w (Wj € [O,l],j = 1,...n) and a pair of

J
precedents e D and e, let’s define a weighted measure of proximity as
1
W _| $,,2 2
]:

and a measure of the similarity of precedents
(w) 1
SM\" = —— (2.10)

where x - features values.
If all weights w are the same and equal to 1, then the proximity measure
corresponds to the Euclidean measure and is denoted as dq, and the corresponding

measure of similarity — SM g

The feature evaluation function is defined as follows:

21y ¥ (SM%)(1_SMW)+SMW(1_SM%)))
E | pale<p)
(w)=

. (@11
N(V-1) _—

where N — number of precedents in the precedent base.

In phase 2, the precedent base is clustered.
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The clustering of the precedent base is used to accelerate the sampling
operations of similar precedents and the preliminary division of the precedent base
into compact coverage sets.

The clustering algorithm is based on the category of similarity in expressions
(2.9), (2.10) and has the form:

1) the significance level is set (threshold level) S € [0,1];

2) the modified similarity matrix is determined,

SM1 = max [min(SM](qu),SM,g”))} (2.12)

3) if SM1c SM , then individual clusters are defined based on the rule:

"precedent p and precedent q belong to the same cluster if and only if s g > [,

otherwise, the SM matrix is replaced by SM1 and a return to step 2 is performed".

After the original database is divided into separate clusters, it is possible to
implement the procedure for searching for similar precedents based on the similarity
relationship.

In a precedent-based decision support system, the time spent on finding a
solution is significantly reduced, resulting in increased system performance.

The precedent selection function is the main function for the implementation
of the mechanism for finding a technological solution, the appropriate equipment
and performers, and is the technical side of decision-making.

To determine the list of potential options for work, it is necessary to describe
the main TP of production in terms of existing categories. The objects of concepts
describing the TA are classified according to the available categories, the
connections between them are described and then the TP is searched in the database
of technological solutions close to the described one. As a result, to search for TP
options, an analysis of all technological solutions similar to the planned one is made

on the basis of a given similarity ratio.
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For pairwise comparison of initiating precedent with selected versions,

deviations of characteristics of planned TP from reference ones, which we denote,

are calculated sz‘- Characteristics x; must be normalized and lead to isomorphic

appearance [82]. To do this, you can use the utility function (1.4).
The task of ranking and selection of precedents based on similarity assessment
is carried out by multifactor generalized assessment of the "distance" of the

characteristics of the planned TP from the reference, which has the form:

n
i=1

where a; — weighting factors that determine the significance of individual

n
characteristics in relation to others, > a;, =1, 0<qg; <1.
i=1

The principle of optimality:

n
x° =argmin ) a;Ax;. (2.14)
xeX ;1
According to this principle, the reference TPs are ranked according to the

degree of similarity to the planned one.

2.3 Structural models of technological operations and processes

When looking for a solution on the best organization of the technological
process, one has to deal with information of various nature, metrics and the degree
of impact on the target criterion.

To use the experience of past developments, the information of the first stage
of pre-project research should be formed and stored in a compact form in the amount

required for operational analysis, modelling and management decision-making.
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Since the technological operation is the main structural unit of the
technological process and on its basis the principle of unified part and group
technical process of processing is built, it is necessary to use a method of compact,
informative and visual representation of the postoperative technological process and
resources for its implementation [83]. Functional connections between TP
operations depend on the type of operation performed and the composition of
technical means.

The variety of technological processes of production significantly complicates
their study, comparison and evaluation. Due to the many parameters inherent in
different technological processes, it is difficult to formulate generalized evaluation
criteria, as their significance will be different for the compared options. This
circumstance significantly complicates the ways of presenting technological
processes in the archive of precedents, especially the structural part of the TP. For
the tasks of pre-project analysis of the structure and resource parameters of
technological processes, it is necessary to be able to formalize the structures of TP
for a set of generalized unified operations, which carry information on such
parameters as labor intensity, required equipment and equipment. This information
1s necessary to assess the feasibility of the development plan of the enterprise in
terms of equipment, composition of employees by type of work, etc.

An analysis of the technological processes of various industries shows that the
operations of processing, assembly, disassembly (distribution), cutting (stamping),
control, and testing exhaust their entire set. To create a unified structural model of
the process operation, we will enter the following three characteristic parameters:
number of inputs - ni,, number of outputs - ny, and registration coefficient of transfer
of the process operation K.

i

The registration transfer coefficient for the i-th input and the j-th output K reg

will be called the coefficient of the countable number of physical units of materials,

components, assemblies, etc. of the j-th output of the technological operation yo; to
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the countable number of physical units of materials, assemblies and products yini
received at the input of the technological operation.

Then we can give the following description of the types of technological
operations and the structure of the TP in general.

Processing - an operation having for the workpiece one input ni, = 1 and one

output ny, = 1; respectively, the registration transfer coefficient K ,{Jég =1.

This means that the number of products received for the operation is equal to
the number of products exited from it. The emergence of waste, marriage, etc. after
the operation means that this operation is a set of operations "processing" and
"control", even if the latter is not specified in the structure of the technological
process. The purpose of the operation is to perform any technological processing
procedure on the products, for example, to change the physical or geometric
parameters of the product.

Assembly — an operation that has several inputs ni, = N and one output

ij

nou = 1 with a registration transfer coefficient K reg

<1. The purpose of the operation

is the aggregation of products, for example - the manufacture of assemblies from
parts.
Disassembly (distribution) - an operation that has one input ni, = 1 and several

outputs nyy > 2 for the processed product with a registration transfer coefficient

K Zg for any output> 1. The purpose of the operation is to disaggregate the assembly

units, to distribute a set of identical parts into several threads.

Cutting (stamping) - an operation that has one input ni, = 1 and several outputs

noy > 1 with a registration transfer coefficient K ig > 1. The purpose of the operation

is the transition from group technology to single product processing.
Control - an operation that has one input ni, = 1 and several outputs ngy > 2

i

with a registration transfer coefficient K reg

> 1 for any output. The purpose of the

operation is to check the quality of products, aimed at sorting (ie distribution by
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groups) of products. For the control operation, the transfer ratio at the i-th input K JI{

is a random variable with a mathematical expectation M [K ;{ ] and a random

deviation of ok.
Training - an operation that has one input ni, = 1 and one output ny, = 1, the

if

reg = 1. The purpose of the operation is to improve

registration transfer coefficient K

the quality of products.

Test - an operation with one input and one output with a registration transfer

coefficient Kig = 1. The purpose of the operation is to check the quality of the

product.

For the operations considered above it is possible to make table 2.1.

Table 2.1 Characteristic parameters of technological operations

Number of inputs Number of outputs Registration
Operation : .. : .. transfer
maximum | minimum | maximum | minimum :
coefficient

Processing 1 1 1 1 1

Training 1 1 1 1 1

The test 1 1 1 1 1

Cutting 1 1 1 1 >1
Assembly N 2 1 1 <1
Disassembly 1 1 N 2 >1
Control 1 1 N 2 >1

The table allows to analyze the structures of operations. From it, in particular,
follows:

1)  the structures of the operations "processing", "training", "test",
"cutting", "disassembly" are special cases in relation to the operations "assembly"
and "control" and therefore can be excluded from further consideration;

2)  the minimum number of inputs in the structure of operations

"assembly" and outputs in the structure of operations "control" may not be less than

two.
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Thus, the set of minimum unified structures of technological operations can
be limited to two operations: A and B (fig. 2.1).

Since any technological operation at the output other than the main suitable
products may have a marriage, waste, etc., i.e. have several outputs, which can be
performed only in the presence of automatic or manual control, you can combine
operations A and B into one unified operation, the minimum structure of which is

shown in fig. 2.2.

In 1 Out 1

11
K Out 1 In1 K iély

, B
In 21
) Ky \ Ky Out2

Fig. 2.1 Minimum structural model of generalized technological operations: A-

assembly; B-control

In1 Cut1
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—
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In 2 Out 2

Fig. 2.2 Minimum structural model of the generalized technological operation

(excluding resources)

The abovementioned models are used to synthesize the structures of
production processes

On the basis of the minimum structure of the unified operation, the structures
of any, more complex or simpler in structure technological operations can be formed.
For example, operations "processing", "slicing", "training", "control" can be

represented by a unified operation, which involves one input and one output. The
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structures of more complex operations are composed on the basis of the structure of
a unified technological operation by sequentially connecting the inputs and outputs
of the minimal structures (fig. 2.3).

Sometimes the structures of technological operations, formed on the basis of
a unified structure, can be redundant. In this case, special structures with more than

two inputs and outputs are used.

l Yin1 lyoun
o . U o °

Yin

Out

| RN |

T yin2 T yOUtZ

Fig. 2.3 The structure of the technological operation, formed on the basis of a

unified structure

The unified structural model of the operation reflects the structure of the
production process and does not allow to determine the management capabilities and
the necessary resources. This is due to the fact that the operation model does not
reflect the control effects. The main ones are:

e impact on operation performance management;

e management of technological parameters of operation.
Taking into account these influences, the mathematical model of the

technological operation can be represented as

Yout :f(ym; u, 9: n, f)a (215)

where Vo, — operation output status vector; Vi, - operation input status vector;
u - operation resource status vector; O - state vector of technological parameters;

1, ¢ - disturbing influence - the influence of controlled and uncontrolled factors.
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At the stage of pre-design analysis, the state vector of technological
parameters O in expression (2.15) may not be taken into account. The same can be

done with disturbing influences. Then expression (2.15) takes the form:

Yout :f(yin: u)a (216)

In expression (2.16), u is the resource state vector, which carries information
about the type of equipment and equipment involved, labor intensity and related
financial resources.

From the point of view of a systematic approach, the construction of a
structural model of TP is carried out by performing the following formalized stages:

1. The functions performed by the system can be formalized in the form

of a set of tasks to be solved £ = {E;}. Each of the tasks E,,i = 1,L can contain

q= @ stages. For each problem from the set E, there are possible solutions.
2. Connections between functions, tasks and their stages are given by

graphs of the form G, = {Eq (Eq_ ,E;_ )} , Where E, ,E(; € E . The arcs of the graph

characterize the sequence of solving problems and reflect the direction of movement
of production material flows. The main types of links in accordance with the
structures of universal operations can be represented as the following types:

e sequential;

e assembly;

e branching.

Let's call tasks and stages sequentially dependent if the implementation of
each subsequent task can begin only after the end of the previous and parallel
dependent when the tasks are connected to each other of the assembly and branching
type.

3. The types and characteristics of the technical equipment that can be

used in the process or operation group for each variant of the possible construction
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of the technical equipment are determined by the following sets:
A = {Q;} - composition of technical equipment, j= I,_D - the type of technical
equipment.

The presentation of the structural model of the technological process on the
basis of a unified technological operation makes it possible to analyze the
technological process at the pre-design stage without the need to develop the
parametric component of the model, which significantly reduces the time for
assessing the feasibility of development plans.

Thus, the information required for analysis is grouped around the unified
structure of the operation model, which greatly simplifies the organization of storage
and access to the precedent archive. A presentation of the manufacturing process of
a typical part, based on unified structural models, allows you to reduce the amount
of information stored and simplify the procedure for analyzing it. In addition, it is
possible to build models of individual technological processes and evaluate their
characteristics, such as productivity, rhythmicity, loading, inter-shop and intra-shop
routing and other dynamic characteristics of the production process, as well as
quantitative characteristics of the process equipment.

On the basis of the obtained structural models of unified operations, it is
possible to build flow models of technological processes and analyze and calculate
parameters of the operation of the production process taking into account the

characteristics of material flows.

2.4 Method for estimating the parameters of technological processes of

mass production

2.4.1 Formation of criteria for assessing variants for technological
processes

The ordered process flow determines the internal and inter-company
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routing of the workpiece flow, parts, tools, etc., depending on the TP variant and
the nature of the operations. The modeling of the production process allows you
to identify "weaknesses" in the system and decide whether to introduce any
additional elements into it.

Simulation of the flow component of the production process makes it
possible to evaluate its functioning according to technical and economic criteria,
such as the volume of output, the volume of unfinished production, the amount
of equipment, etc. In solving this problem, the use of the theory of mass service
systems is effective to obtain appropriate characteristics, such as the current
intensity of applications, the length of the queue, service time, etc.

By changing the input parameters of the process, it is possible to determine
the ratio of the production cycle time and the cost of products for various TP
options, and then select the option that is closest to the planned production
parameters.

During the simulation, for each TP, the following are calculated:

e average waiting time for part processing;

e average equipment downtime;

e maximum queue length;

e cquipment utilization rate;

e average time of a technological operation;

e maximum time of a technological operation.

When assessing the feasibility of the manufacturing process of the planned
product, the use of the above information allows one to determine the qualitative and
quantitative characteristics of the required equipment and tooling, taking into
account which the analysis of TP options is carried out and the choice of the
preferred one according to specified criteria, such as costs, timing, production
volumes, etc.

Taking into account the stochastic nature of production processes, the solution
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of the formulated problems can be found on the basis of using the apparatus of
queuing systems (QS) [84].

The flow of claims to be serviced, in general, can pass along different routes
through one queue, through several queues, or through a combination of these two
options.

The choice of route format depends in part on the structure of production and
in part on the composition of operations of a particular TP. In practice, in most cases,
route situations of these types are found: sequential, assembly and branched (fig.

2.4).

ti 1 t; tisn

te+1

b

Fig. 2.4 Typical structures of production routes

To analyze the dynamics of the production process, it is necessary to solve
two problems: to determine the productivity of the existing technological line and to
choose a method of retrofitting the existing line for the release of new types of
products. The apparatus of the QS theory can be used to construct models that allow
us to consider options for solving the formulated problems.

There are various types of problems in the analysis of QS models [85]. They

all correspond to different structures, and different descriptions are used to solve
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them. In this case, the assumption is fulfilled that the analyzed process at the moment
is stable and unchanged.

Thus, the structures in fig. 2.4 are described by the following queuing models:
option a) is a single-channel multiphase system, c) is a multi-channel single-phase,
b) is an element of a combined structure with the transition of a multichannel system
to a single-channel one.

To represent the technological process in the form of a sequence of operations
that can be performed both on one piece of equipment and on several units operating
in parallel, the characteristics of the following types of QS are of interest:

¢ single-phase model with single-channel or multi-channel,
e multiphase single channel model.

The last type of model is the most general for representing the technological
process, taking into account the fact that the temporal and volumetric characteristics
of hotel operations can be divided into the same type of parallel operating units of

equipment.

2.4.2 Model of single-phase queuing system with parallel nodes

The structural routing model is the SMS, which has both an input flow and a
request flow. Consider a structure in which ¢ units (pieces of equipment) operate in
parallel, so that at the same time ¢ parts [86] can be processed at once. In this case,
the pieces of equipment used in parallel for one process operation in terms of
performance are assumed to be equivalent. Schematically, such a service system is
shown in fig. 2.6.

Based on this model, it is possible to determine:

e the total productivity of the service unit, at which the queue does not exceed
the specified value for different characteristics of the input flow determined by the

performance;
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¢ the queue on the available equipment with different volumes of output.

Service system Service
unit
Queue < »

< »le >

+ >l >
Flow ~

. . ] —»
of incoming Served
service ; orders
requests XXX XXXX X g > [ leaving
the system
c >

Fig. 2.6 Scheme of a service system with parallel nodes

Let’s consider the structure (M/D/c):(GD/N/c0). In accordance with the
accepted notation, the structure characterizes the QS with a Poisson input flow (M),
a fixed service time (D), and c parallel operating service nodes. Queue discipline is

not regulated (GD). Regardless of how many requests arrive at the input of the
serving system, this system (queue + serviced requests) cannot accommodate more
than N requests (products), i.e. applications that did not fall into the waiting block
are forced to be serviced elsewhere (this is a limitation on the planned production
volume). The source that generates service requests has the unlimited capacity (o),

which corresponds to the absence of a limitation on production resources.

The following operational characteristics will be considered:
P, - probability that n products are in the process of treatment;
Ls — the average number of processed products (volumetric performance

characteristic);
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L, - the average number of items in the intermediate warehouse (volume of
work in progress);
W, — the average processing time of a product (temporal performance
characteristic);
W, — the average duration of a product's stay in an intermediate warehouse
(total non-production time).
A-priory

o0 o0

L .= np,, g = Z(n—c)pn. (2.17)
n=0 n=c
Between Ly and W, (as well as between L, and W,) there is a

functional dependence. If the frequency of receipt of service requests

in the system is equal to A (planned productivity - production rhythm), then we have:

Ly =AW, L, =W, (2.18)

In cases where the frequency of arrival of claims for service is equal to A,
but not all claims have the opportunity to get into the serving system,
the ratios (2.7) need to be modified. Let’s introduce the parameter
Aerr - the effective frequency of receipts, i.e. the number of requests actually
admitted to the waiting block of the serving system, per unit of time.

We get:

deg=Ph 0<B<1. (2.19)

It 1s possible to establish the dependence of Agrr from Ls and L,
By definition, the average duration of a technological operation is equal
to the sum of the average duration of the product's stay in the queue
and the average duration of processing the product. If the average service rate

is u and, therefore, the average service duration is 1/u, then the following ratio
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1s true:

We=W;+1/pu. (2.20)
Multiplying the left and right parts of this ratio by A, we get

Li=L,+A/ . (2.21)
Herewith, if A is replaced by Agrr, we can write

ﬂeﬁ’ = ,U(LS - Lq) (222)

When analyzing the models considered below, the main attention will be
focused on obtaining formulas for p,, since, knowing p,, it is possible to determine
the value of all the main operational characteristics of the queuing process of interest

to us:

Pn _)LS = Z npy _>WS :TS_)Wq :WS———>Lq ZKWq.(2.23)
n—0 o

The considered queuing process is characterized by the intensity of the input
flow A and the fact that no more than ¢ products can be processed in parallel. The
average processing time for one product is 1/£ The input and output streams are

Poisson. The ultimate goal of using ¢ units of parallel equipment is to increase
(compared to a single-channel system) the processing speed of the product flow due

to the simultaneous processing from the products. Thus, if 7 = ¢, then the intensity
of the input (output) flow is equal to ¢z On the other hand, if n < ¢, then the
intensity of the input (output) flow is nu < cp, since not all equipment is engaged

in the processing, but only 7 (< c¢) units. In fact, the use of several pieces of

equipment is equivalent to the use of one piece of equipment, the performance of
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which varies, increasing by exactly ¢ times in the presence of 7 items in production.

Let’s consider a generalized single-channel model in which both the intensity
of the input stream and the service rate would depend on 7, using the values A, and
M. We obtain the formula for calculating the stationary values py.
Considering (, = nu at n < c or U, = clU at n = ¢, it is possible to get
numerical estimates for the functional characteristics of the system. For given values

Anand M, after finding the value of py, results can be obtained for QS of other types.

If there are n requirements in the system for the single-channel model, the

following statements are true:
a) if no receipts occur, p, = 1 — A,h,
b) if no disposals occur, p, = 1 — wyh.
Considering that a maximum of one co-existence (receipt or disposal) can

occur in interval /4, we find

Pt + W) = pa(®)(1 = Mh)(1 = pah) +

+ Pu-1(OMih (1 = pnh) + pui(t)(1 = Mah)pah, (2.23)

n >0,
po(t + 1) =po@)(1=hoh)(1—pah) + pi()(1 - Mh)psh, n = 0.(2.24)
For stationary mode, we get the following equations:
-(An + W)pn + Wt iPpv1 + Wnipp1 = 0, > 0,

Ao T+ wpr = 0, n=0. (2.25)

These equations can be brought to the form:

P =hoDo /W,
Kn +U, Xn_ (2.26)
pn+1:(—]pn_{ ljpnl’n>0'
n+l n+l
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Considering successively the equations for p;, p2, p3, ... and reasoning

according to the induction scheme, we arrive to the formulas:

that

_ hghiA

TIPS
1 (2.27)

1+ > Hx"‘l

n=0i=1 M

Po-n =1,

Po =

The expression for py is obtained from the condition 2 p, = 1.

To evaluate the operational characteristics of a multi-channel model, consider

A, =k mmaBcex n=0,
{nu_npn_n <c, (2.28)
=

CL _mpu_n=c.

From the expression for p, derived for the single-channel model at n < c:

Pn= M Po= i
n— 0 —
RCZWEW)...(np) nip”

Do (2.29)

In the case when n = ¢, the formula takes the following form:

A" A"

P ) (=D nlem) gy () et

Po- (2.30)

Consider that p = AL, we find
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Pn =1

r -1
Po =1 P . }

where p€ <1 (or Muc < 1).

Now

1
pc+ Cp
L,= Po=|——= |Pe>
T (er-Dlc—p) " [(c—pf] ‘
L—L+pW—LqW W+
S — s — . = .
q q K s q m

(2.32)

For an approximate method of finding pg and L, (at p << 1), we can write

po~1-p, L, ~p/c?. (2.34)

2.4.3 Multi-phase queuing system model

For multiphase QS, the indicators of the quality of traffic service are assessed
- delays and/or loss of requests [87]. This work examines the characteristics of a
sequential technological process - delays in individual sections (equipment).
Usually, for multiphase QS, the following characteristics are determined:
e average value of the delay time of claims;
e distribution function of the delay duration of claims.

Let’s consider a single-channel multiphase QS. In this system, the input
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flow - the intensity of the receipt of parts for processing is designed as i, . In parallel

with the same intensity |, production functions and finished products arrive at the

warehouse. The necessary resources also come from the warehouse.
The state of the system is completely determined by the total number

of i - products in the system [74].

1
pg_/.pO’ ISgSN’
P, =1 & 1 (2.35)
g
P Ny Do 82
N g N+1
=yl P ,-By (2.36)
g=18! NI(N-p) Ky
N N+1
v _p. P SX KX, (2.37)
N! (1-px)
N
- _ 5 -1pP et g Ho
g=v+p-py|(1-p —+ > —p° |, ps = <l. (2.38)
o] (1) N/ Sig! * N

Let’s consider the case when the loss of requests is unacceptable, and the
device aggregates do not start the next cycle if the result of the previous one is not
used (the equipment is idle awaiting the end of the previous operation).

The source units are considered to be of the same type as the service units

k=1, N, . As astate variable i,i = 0, N, + N, , let us choose the sum of the number

of'idle source aggregates and busy service device aggregates. This variable uniquely

determines the state of the system.

If i > N}, then the number of busy service devices is i, and the number of idle
sources is zero. If i > Ny, then all N, service devices are busy, and the number of

idle sources is (i — N;). The idle source is possible only after it has completed the
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specified operation, so that each idle source is at the same time an accumulator,

which contains one request (unprocessed item). Then

-

<i;,t1, 1<i< N,

(2.39)

Nk, Ny Si< N +N,.
The main conclusion is that the coordination of the operation of sequentially

connected units by leveling the average capacities is unacceptable if in each phase

there 1s one unit with the parameters L1 and L1, since the queue grows indefinitely.

If we restrict the average number of applications in the system by a normative

constant g ., then

8.
1+g,

p= (2.40)
The limiting intensity of the unit-source of the flow of applications, if it can

be selected, is limited by the throughput of the unit-service device and the standard

g.soas

— Hy- (2.41)

The results remain valid for a multichannel QS, that is, in the presence of a
group of aggregates in each phase with the condition of replacing the intensities with
total.

To calculate the probabilistic characteristics of the QS, we use the Kleinrock
assumption [85] at the obtaining the distribution of the exponential flow of

applications at the output of the TP. Assuming a stationary QS mode, one can find
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the average number of requests L; or for the entire network (L;, L,,...,L;,..., L),

IERRRE )

i =1,M for each node.

The probabilities of network states are determined by the formula:

Pj:

—<

| 1};.]., (2.42)

-
I

where PJ — the probability that j products are being processed, Pz‘j_ the

probability that j products are processed at the i -th site.

The integral characteristics of production are as follows:

1.  Average volume of work in progress:
M
L= L. (2.43)
i=1
2 Average production cycle time:
M
T=>T., (2.44)

>

In a balanced network p; = Py =...R Py, P; = —L
i
For an unbalanced network, the bandwidth is determined by the bottleneck

p* =max(p,;,i = I,—M).

2.4.4 Determination of cost characteristics of queuing systems for variants of

technological processes

The above analysis of the dynamics of the functioning of the process for
various variants of structural construction requires an assessment of the options for

cost characteristics.
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The cost models of queuing are aimed at determining such a level of
functioning of the production system at which a "compromise" is achieved between
the following indicators:

a) the profit obtained through the production (and sale) of products;

b) losses profits due to delays in the production process.

Let’s consider the models for assessing the technical characteristics of the
technological process for various options for TP structures and different production
targets.

1. The task of determining the composition of the equipment to ensure a given
performance.

The solution to this task is associated with finding a compromise in an
environment where increasing productivity due to new equipment or expanding the
existing fleet leads to a significant increase in costs.

To make a decision, costs must be weighed against income. Let’s consider a
single-channel queuing model with an average rate of arrival of requests equal to 4
and with an average service rate equal to s It is assumed that the rate of service is
amenable to regulation by upgrading or increasing the number of equipment; it is
required to determine its optimal value based on the cost model. We introduce the
following notation: C; - the gain expressed in value form due to an increase in the

value of p by one during a unit time interval; C, - "cost" of waiting per unit of time

and per item; TC (1) - the value indicator determined by the formula
TC(w) = Ciu— Crls. (2.45)

The service costs assigned to the time unit are directly proportional to the .
Since x4 1s a continuous quantity, its optimal value can be obtained by equating to
zero the first derivative of 7C(u) by u. For example, for a single channel system

with unlimited buffer

TC( = Ciu— CA(u—4), (2.46)
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and therefore, for the optimum value of # we have

In a situation where the amount of work in process cannot supply more than
N products, the value model can be modified to reduce production costs by
increasing the value of N. In this case, the value of N is considered as a control

variable, the optimal value of which (together with x) is determined by minimizing
TC(u, N) = Ciu— CoLs— C3N — Cadpy, (2.48)

where C3 - "cost" of increasing (per unit time) the volume of work in the process,

C4 - economic losses due to the inability to increase the volume of work in the
process by one unit.

2. The task of determining the required quantity of the same type of
equipment.

This task is associated with obtaining a compromise solution, taking into
account the fact that an increase in the number of equipment entails an increase in
the costs of their maintenance (operation, maintenance and depreciation), but at the
same time there is an economy due to a decrease in the downtime of other equipment
in the technological chain, it becomes possible to increase the volume of production.

Consider a multichannel model. The cost model of queuing is focused on
determining the optimal amount of equipment, which we denote by c. It is assumed
that the values of A and u are fixed. The integral cost of indicators is given by the

formula
TC(c) = cCi + Caly(c), (2.49)

where C; - the cost per unit of time for the operation of one additional piece of

equipment, Ls(c)- average number of processed items.

Optimal value ¢ find from conditions
1C(c-1)>TC(c) v TC(c+1)>TC(c), (2.50)
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which is equivalent to inequality
Ls(c) - Ly(c + 1) S C/Cy < Ls(c— 1) - Ly(c). (2.51)

The C1/C2 value is an indicator of where the search for the optimal value of
¢ should begin.

Let us formulate the main stages of the proposed method using the above
models.

1. Determine the average number of products in the queue with the original
amount of equipment.

2. Determine the loss of working time in value terms.

3. Make an assumption about the increase in equipment by one unit.

4. Determine the waiting time in the queue (at the intermediate warehouse)
with an increase in the amount of equipment.

5. Compare the cost of using additional equipment with the time saved for

performing the TP.
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3 MODELS AND METHODS OF MULTI-CRITERIAL
EVALUATION OF VARIANTS FOR TECHNOLOGICAL PROCESSES

3.1 Generalized system model of the technological process

When forming enterprise development plans, it is necessary to evaluate their
feasibility in the technological aspect at the pre-design stage. Since product upgrades
are usually carried out within the existing enterprise specialization and on the basis
of previous design and production experience, the reliability assessment will mainly
relate to the part of the product and technological processes (TPs) that belong to the
innovative part.

The modernization and renewal of the products are mainly aimed at improving
their operational, ergonomic characteristics and design. As a result, different criteria
and parameters for evaluating TP variants are involved in the evaluation of decision
options.

Depending on the goals of the analysis and the level of abstraction, the
technological process C can be considered as a system consisting of a set of N
elements, on which a set of connections R are implemented, which determine a

structure with a set of properties P [88]:
C=(N,R P). (3.1

The procedure for deciding on the selection of characteristics and their
evaluation criteria for comparison is the central issue of the analysis of TP variants.

The general task of deciding on the selection of the TP type can be represented
by the following stages:

1)  definition of target - a type of final product;

2)  target analysis - determination of target characteristics and selection of
TP type to obtain the required result;

3) identification of possible TP variants for the realization of the set goal;
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4)  formation of an estimate allowing comparing allowable solutions with
each other.

Sources of information, its content, method of presentation and degree of
detailing are usually different for each of the stages and at a descriptive level can be
analyzed in the terms below.

1. Determination of the goal. The goal for each variant of the technological
process is the final product with the required parameters. Information about the
characteristics of the object of manufacture is contained in the design
documentation.

2. Purpose analysis implies the determination of the functional purpose of the
product planned to be manufactured, the requirements for the accuracy of
manufacture, the materials used, etc. The source of information for this stage of
information support of the solution is the design documentation and expert opinion.

3. Formation of a set of criteria that allow you to compare different options
for achieving the goal. The choice of a system of partial criteria that characterize the
options for technological solutions is a poorly formalized heuristic problem, which
is characterized by contradictory requirements, such as the completeness, minimality
and non-redundancy of a set of criteria [88].

A generalized representation of a set of information, functional and structural
parameters of a technological process can be a system model of a technological

process (fig. 3.1):

S(T)={Idn’, Prp’, Str”, X”, Y7, O, C"}, (3.2)

where Idn” - process identifier - is a combination of two fields: <designation of TP>
and <name>, Prp” — purpose of TP; Str’={F, T, RT} — TP structure,
where I is the production phase, 7' are the elements of the process (operations);

RT — connections between the elements of the technological process; X7 — input

parameters of the technological process, which primarily include: technological
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documentation, means and objects of labor; Y ! ={le , sz yeees yi} — output

technical and economic characteristics of the technological process, such as the

range and volume of products, rhythm, profitability, etc.; QT = {%T ,qu ,...,q,f} —
the impact of the external environment, the parameters of which are often random in
nature and manifest themselves in the form of risks that lead to a change in the

material, energy and information parameters of production processes;

C’ = {clT ,CzT ,...,ChT} — internal properties of the technological process, such as the

composition of technological equipment, rhythm, flexibility, productivity, resource

intensity, etc.

External environment
l Q" = {qi.4} ... qt}

Outputs
—>

' = (yL,Y] ...V}

Inputs Technological

process S(T)

X" = {x1,x] ... X1}

Fig. 3.1 The structure of the generalized system model of TP

Thus, the technological process should be considered as a system, the
properties of the elements of which should include many values of the process
parameters, such as, for example:

e nomenclature and volume of output of commercial products,

e means of technological equipment;

e professional staff and number of work performers;

e consumption of materials and components;

e resource intensity,

e cnvironmental characteristics, etc.
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The amount of information required to select criteria for evaluating TP options
and technological operations is stored in the appropriate database.

Variants of possible types of TP are mainly associated with the use of new
materials and increased requirements for processing accuracy, which, as a result,
gives rise to the need to modernize technological equipment and tooling, master new
TP modes, resolve personnel issues and take environmental measures. These and
other tasks serve as criteria for evaluating various TP options for making
management decisions based on alternatives for mastering innovative products.

For the selected set of options, it is necessary to concentrate each and build a
ranked number of options according to the value of the alternative quality indicator.

Taking into account the multivariance of the problem and the multi-criteria
description of the options, the most acceptable apparatus for solving this problem
may be the application of the theory of multi-criteria assessment and optimization
using the concept of the utility function of alternatives [89, 90].

To assess each TP option and select an acceptable one, it is necessary to
formulate the composition of criteria for assessing alternatives to technological
processes. This problem is solved by experts and decision makers, based on the
characteristics of the parts, the required equipment, production volumes, planned
dates, economic parameters, etc. To simplify the procedure for selecting criteria for
assessing TP in a specific situation, the general list of possible criteria is divided into

classes of community.

3.2 Phenomenological model of the problem of supporting decision-

making on the choice of a technological process
For a formalized representation of the TP selection problem, it is proposed to

use a phenomenological model of the decision support problem. The model makes

it possible to systematize the process of TP analysis with varying degrees of detailing

66



and at various levels, depending on the specific features of the practical problem.
Let’s define the main parameters of the mathematical model for a formalized
presentation of the procedure for selecting options for technological processes.

Let’s denote:

Z - general task of choosing TP by evaluating and ranking alternative options,

Z’ — local task of preliminary selection of variants by TP types,

Zi, 1 = 1.3 — separate tasks of selecting TP elements (for procurement,
processing and assembly phases of production).

K = {k} — a set of criteria for evaluating TP options;

M = {m} — a set of characteristics of the planned products for preliminary
selection of TP options, taking into account the type of TP, the corresponding
equipment, etc.

X = {x} — initial set of TP options for product manufacturing;

X’ < X —aset of TP options for multicriteria assessment;

x* - preferred TP option.

Let us define the criteria for evaluating the TP options. Let us introduce the
function F’ as a measure of the preference of the TP variant by the set of criteria as
a mapping of the Cartesian product K XX in the set of estimates,
i.e. F: X' X K —x*[91]. Then the problem Z can be represented as the problem of
choosing the option x* € X’ C X. Thus, x* is a solution to Problem Z where X is
the set of feasible solutions.

Task Z is characterized by a set (X, K, F)). The elementx* € X" is a solution

to the problem Z and is determined by the predicate
P(x*, Z) = (x* is a solution of Z). (3.3)

Let's designate the task of preliminary selection of the type of TP and
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equipment as Z’, it is characterized by a set of parameters (X, K, F"’). Problem Z
can be considered as a restriction of problem Z” on the set X

Separate problems of choosing TP elements, taking into account its type Z,,

j =1L, N can also be characterized by sets (X;, Kj, F}). In the general case, the

number of problems Z; is equal to V.
Let’s consider the formulation of these separate tasks for the three main phases
of production. Let us designate the task of choosing the type of surface treatment of

the part, as well as the method of obtaining and the type of workpiece for the blank

phase as Z;, the choice of the type of TP, equipment and devices for the processing
phase as Z;, and the choice of equipment for the assembly phase as Z3. We will
characterize the tasks Z;, Z> and Z3 by the sets (X;, Ki, Fj),
(X2, K>, F>) and (X3, K3, F3). 1t is possible to consider Z' = Z; X Z; X Z3,
K'=K; x K> x K3 and to consider a problem Z; as narrowing of a problem Z’ on
a set of X}, Z> as narrowing of a problem Z’ on a set of X,, Z3 as narrowing of a

problem Z’ on a set of X3.
Denote the set of task solutions Z;, j =1, N by the vector S,=(x1, ... Xy).

When defining S,, x, € X, will be defined, and this fact will be described to

operators O,
xXr= Ox(S)). (3.4)

Using the entered symbols, we formalize the basic principles of TP selection.
1. The choice of technological processing operations for the manufactured
part, as well as sets of equipment, are carried out in order to ensure indicators of the

production efficiency of the product.

When solving problems Z’, a vector S is formed, which generates a solution

of the task Z, minimizing the cost of developing and manufacturing
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a product.
In turn, when solving problems of a lower level - tasks Z;, j =1, N , a vector

S’ is formed, which generates a solution to the problem Z". In formalized form, this

can be written as follows:

x' =08

Z.,x.,j=1,N ):P(x.,Z.)= P(x,Z'
(2,s3,] =END):P(,2) = P2

(3.5)
The choice of the most effective option corresponds to the problem of the
extremum of the objective function /" defined on the set of solutions of the task Z .

In this case, instead of (3.3), we have:

IZ,,x,,j=1,N):P(x,,Z,)=

EI(S; = (xl*,...,x;),xj =1{X,},J =1,—N) : F'(@'(S*)) = i)ecng'(x') (3-6)

The method for selecting options for technological processes should satisfy
the principle of hierarchy, as well as the principles of coordinating
local search tasks with respect to tasks of a higher level, compatibility and
modifiability of technological process elements. Let’s consider these
principles.

2. Hierarchy of the structure.

In terms of set-theoretic modeling, the set ® of technological processes can

be represented as belonging to the Cartesian product of sets:

OcMxDxWxKx{Z,|j=1,N}x{Z"} (3.7)

where M — set of search parameters in low-level tasks, for example, geometrical

dimensions of a part, technological properties, accuracy characteristics of a part, and

others:
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M ={(xM,|M,={m},j=1N} (3.8)

where D,W,K - a set of results of solving local problems, for example, selected
technological operations; types, characteristics of machine-tool equipment; values

of criteria for local optimization problems and others:

D={xD,|D,=1d,},j=1,N}; (3.9)

W={(W,|W,={w},j=1N}; K=1{k}. (3.10)

We define selection problems as follows:
o for the task of choosing the type of processing and the type of workpiece in

the procurement phase

Z K x{xM,;| je N} >{xD,;| jeN,}; (3.11)

o for the task of selecting operations of the technological process, equipment,
fixtures and  technological parameters of manufacturing in  the

processing phase
Z,:K,x{xM, ;| je N,} >{D, , xW, | jeN,}; (3.12)
o for the task of choosing equipment at the assembly phase
Z3:K3X{XM3j|j€N3}_){XVI/3j‘jEN3}' (3.13)

3. Coordination.
Tasks of the lower level must be coordinated with those of the higher level.
This means that the tasks of the upper level and the set of tasks of the lower

level must have a solution, i.e.:
Vj =LN3(x;,m,):[P(m,, Z,(x ) A P(m', Z'(x) A P(Z(x)]. (3.14)
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4. Compatibility.

Note that the direct use of information about the design parameters and the
product manufacturing process (in the form of structural models of products and
manufacturing processes) has only subordinate tasks. Tasks of a higher level can
influence the process of choosing a TP only through tasks of a lower level.
Therefore, the achievement of the goals of the global task is possible only if the

lower tasks are coordinated with respect to the global.

The higher task Z’, coordinating the tasks of Z;, pursues its own goals
(achieving maximum efficiency from the implementation of the selected TP).
Therefore, the tasks Zj, =1, N must be coordinated in relation to the task Z.

Taking into account the specified features of the task of choosing for the
compatibility of goals, the coordination of lower tasks relative to the higher level
should be associated with a global task. Therefore, we introduce the operator f, which

maps m into signals that affect the manufacturing process of the product:
fiM—>X ie (x,,j=LN)=f(m). (3.15)

. . -1 .
We will assume that the inverse operators f  are known that make it

possible to determine m by x;, i.e.

(m)f;'=(x;,j=L,N). (3.16)

Then the requirement of compatibility of tasks in a hierarchical system is

formulated as:

Vj=LN3(m,,x;) A3(x):[P(m,,Z (x,)) A P(M,Z")] =

. L — (3.17)
=>[P(m;,Z ,(x; ) ANP(f; (m,,j=1,N),Z].

Condition (3.17) means that the lower-level tasks Z; are adjusted
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with respect to the global task Z, when they are adjusted with respect

to the task /.

5. Modifiability.
In the case when coordination is absent in a multi-level system, the tasks of

the lower level must be modified so that coordination takes place. In other words, it
is required to find such sets of coordinating signals M and such sets of tasks
{Z_J}, J =1,—N, as well as {Z'}, under which conditions (3.14) and (3.17) are

satisfied. Let’s introduce the predicates P; = (condition (3.14) is satisfied) and
P> = (condition (3.17) is satisfied), then the modifiability requirement takes the

form:

(M S M{ZyciZ},j=LNAZY c{Z):

_ _ _ (3.18)
(V(x, e X5Z,e{Z,},2'e{Z"}) >R AP

Conditions (3.14, 3.17, and 3.18) require that the original sets of problems

{Z_J}, Jj= 1,—N be powerful enough. This means that by choosing subsets of these

sets, compatibility and coordination of selection problems can be achieved.

When choosing technological processes, the level of formalization of separate
tasks is determined by the availability of information: about the routing of
technological operations, their duration and labor intensity; rules and techniques for
making decisions. Algorithms for solving interrelated selection problems should
ensure that a solution is found with an accuracy corresponding to the accuracy of the
initial information. The development of procedures for solving problems of selecting
options for technological processes based on the proposed model simultaneously
solves the question of the composition of particular criteria for each option of TP,
which is necessary in the future to evaluate options and make a decision on choosing

the preferred one.
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3.3 Models of formation and multi-criteria assessment of variants for

implementing enterprise development strategies

The decision-making procedure can be represented as a sequence of the
following tasks [92]:
* determination of the purpose of the decision and its analysis;

* determination of the set of feasible solutions X
* setting a metric, i.e. criteria for assessing the quality K(x) of acceptable
solutions x € X ;

» determination of the best (extreme) at K(x) solution X° € X |
We will call each of the possible options a solution, and denote x, and many

possible solutions - X ®. Not all decisions x € X 5 are acceptable for economic,

technological or environmental reasons. Based on this, a set of acceptable solutions

X should be distinguished from the set X *:
Xc X®. (3.19)

The set of valid solutions X can be given both by enumeration and by
characteristic functions in the form of limiting inequalities or equalities, but the
ultimate goal of synthesizing an effective solution is to choose from a set of

acceptable solutions for the optimal

x°cX. (3.20)

The solution to the problem of choosing the best solution X° is associated
with the problem of choosing a metric, in which the efficiency of feasible solutions
can be quantified.

Each decision is characterized by a set of criteria that characterize some
particular aspects of the solution's effectiveness, and their totality quite fully

characterizes the quality of the solution as a whole. Such criteria are usually called
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private or local [29]. They have different meanings, dimensions and are measured
on different scales. Thus, the solution x in the general case is characterized by a set

of particular criteria

K(x)={k(x)},i=1n. (3.21)

Finding the optimal solution x° in the general case is associated with solving

the problem

x° =arg exg(r K(x)=arg extr{ki (x)} , Vi=Ln. (3.22)

The solvability of the problem (3.22) is due to the structure of the set of

permissible solutions X. This set consists of two subsets [107]: consistent X 5 and

contradictory (compromise) X ¢ solutions
X=XuX" X°nX‘=w. (3.23)

Note that many contradictory solutions form such solutions in which the
improvement of any particular criterion leads to the deterioration of at least one or
other particular criterion. Problem (3.13) has an unambiguous solution only on a set
of consistent solutions.

The selection procedure by the decision maker (DM) from the initial set of
particular criteria K(x) = {kl. (x)} , i=1,n one of the most important k,(x) is
called the principle of the main criterion. In this case, all other particular criteria
(n—1) are transformed into restrictions. As a result, the multicriteria optimization

problem is transformed into a scalar optimization problem of the form

x° = argextr k, (0) \k, (SR, Vi = Ln. (324

where kl.* - admissible value of the i-th particular criterion.

The sequential optimization scheme consists in transforming the original
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multicriteria problem into a sequence of scalar optimization problems [94]. In this
case, the decision maker ranks the particular criteria K(x) = {kl. (x)} ,i=Ln in

descending order of their importance:
k() f k() f . f k (x). (3.25)

The optimal solution to problem (3.22) is determined by sequentially solving

the following scalar optimization problems:
x; =argextrk, (x);
xeX

x, =argextrk,(x); (3.26)

xXex

x; =argextrk,(x);

Xex;_

ey

where x|, X5, x - subsets of solutions equivalent with respect to the corresponding

particular criterion.
The optimization procedure continues until a unique solution to the original
problem (3.22) is obtained. If all particular criteria are considered, and the solution

1s not obtained, additional criteria should be formulated.

In the functional-cost analysis, a set of particular criteria K (x) = {kl. (x)},

i=1n is divided by the decision maker into two subsets: one of them
K" (x)= {kl. (x)}, = I,_m includes all the criteria that characterize the useful

functional (target) qualities of the solution, and the second K’(x)= {kl.(x)},

i =1,m+1 - criteria characterizing the "costs" of implementing a solution. Thus,

the original n-criterion problem is transformed into a two-criterion problem.

Reducing it to scalar form is carried out using the following alternative criteria:

75



e additive

x° =arg rn%(x[]? P(x) =K’ (x)] (3.27)
e multiplicative
x° =arg ma}(x[lzp(x) / K’ (x)]. (3.28)

where K7 (x) and K’ (x)- scalar scores of criteria.

In the additive criterion (3.27), both terms must have the same dimension.

Criteria (3.27) and (3.28) in this study are used to solve the problems of
technical and economic assessment of options. It is possible to apply the reduced
criteria obtained on the basis of (3.27) and (3.28) by applying the principle of the

main criterion (3.26)
x° =argmax K’ (x) given that K’ (x) < K (x)
xeX
x” = argmin K’ (x) given that K" (x) < K% (x), (3.29)

where the D index is the permissible level of costs and expected effect (benefit),
respectively.

The method of the generalized scalar criterion uses a quantitative multivariate
assessment formed on a set of particular criteria. This approach is based on the
hypothesis [94] that for any multicriteria solution there is a generalized scalar

estimation of the form:
P(x) = F[k,(x), 4], (3:30)
where 4 — a tuple of model parameters for which the following condition is satisfied:

X,,X, € X and x, f x,,then P(x,) > P(x,). (3.31)

The sign "f " means the relation of order.

Thus, the utility function is a quantitative measure of the relative preference

76



of solutions.
The implementation of any of the above methods for solving the multicriteria

optimization problem assumes that a tuple of values of particular criteria is known

for the solution x € X:

K(x,)=<k/(x;)>,i=Ln, j=1m. (3.32)

This means that simulation models are known that establish a relationship

between controlled variables (solutions x) and the values of particular criteria, i.e.

ki (x)=f(x;),i=Ln, j=Lm. (3.33)

In the general case, the problem under consideration can be represented by a

mathematical model in terms of the well-known utility theory in the form:

F(x)=P[Z(a;)K,(x)], i=1,n, (3.34)

where K. (x), i = I,_n - particular criteria; Z(a,) - subjective information about
the preference of particular criteria for decision makers.

The main thing in building a model of this type is to determine the type of
operator P (model structure), for which it is necessary to have information about the
significance and form of representation of partial criteria. These issues are addressed
when building a model for each specific case.

Using the concept of the utility function of particular criteria, the
mathematical model for the formation of a multivariate assessment of an alternative

x € X can be represented as:

F(x)=P[Z(a,),m[K.(x)]], i=Ln, (3.35)

where m[ K, (x)]- utility function of particular criteria; Z(a,)" - information about

the relative importance of the utility function of particular criteria.
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Each alternative x € X is characterized by a set of particular criteria, which
have their own interval and different dimensions. Based on this, a specific alternative
can be described by nonlinearities of various types. This fact must be taken into
account when choosing the utility function of particular criteria.

The above requirement is met by a utility function of the form:

m[Ki(x)]= Klf((x)__KK"W , (3.36)
iB i

where K, (x)- value of a particular criterion; K5, K, - respectively, the best and

worst value of the frequent criterion, which it takes on the region of feasible

solutions x € X ; «, - parameter defining the type of dependence: at 0<a. <1 —

convex upward; npu ;=1 — linear; npu &;>1 — convex downward.

The main source of information about the mutual importance of particular

criteria is the decision maker or experts. This information is presented in the form
_ n

of dimensionless coefficients a,,i=1,n, Zai =1 where n is the number of
i=1

particular criteria with a limited interval of variation a, €[0,1] - taking into account

the relative importance of particular criteria.

Next, it is necessary to investigate the procedures for generating information
about the relative importance of the utility functions of particular criteria and the
form of their presentation, taking into account the specific features and specifics of

the application area.

3.4 Method for evaluating technological process options and choosing the

preferred

The numerical value of the utility function of a single solution (alternative) x

can be considered to be determined by particular criteria K, (x).
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For the decision maker, each of these particular criteria has a varying degree
of importance relative to the others. Consequently, the basis for assessing the options
for the possible construction of a technological process for a given composition of
particular criteria can be the expression:

L K(x)-K,,

P =>a , (3.37)
; Ky —K,,

where K. (x), K

w?

K., — respectively, the current, worst and best values of the

particular criterion, a,,i =1,n - coefficients of importance of particular criteria,

Zn:al. =1.
i=1

After bringing the partial criteria to an isomorphic form, the expression (3.37)

can be written as:
P(x)=) aK/!(x), (3.38)
i=1

where K" (x) — normalized values of particular criteria.

The values of the importance coefficients, particular criteria are determined
by experts and decision makers on the basis of their own experience, a specific
problem and existing limitations of a different nature. Most often, information about
the value of the importance coefficients of particular criteria can be presented in a
deterministic or probabilistic form. Differences in the forms of presentation of
information on the coefficients a; determine the differences in the methodology for
assessing the alternatives of the decisions made.

The experience of analyzing technological processes and the practice of
applying assessment methods allows us to draw several conclusions.

1) in the process of evaluating the options for constructing technological

processes, it is advisable to consider all options and provide the decision maker with
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a ranked number of evaluations of options for choosing an acceptable one;

2) information on the values of the importance of the coefficients @; is mainly
presented in a deterministic form according to the classes of homogeneous particular
criteria;

3) the estimates of the weight coefficients of importance a; are set in the

interval [0, 1] and the values of the coefficients are independent of each other.

The deterministic form of representation of the coefficients of significance is
largely determined by the peculiarities of the functional content of particular criteria
for assessing alternatives of technological processes (TP). In the construction of TP,
typification of modes, group processing of universal parts are widely used. These
circumstances allow experts, on the basis of the established experience, to more
reasonably determine the values of the coefficients of the significance of particular
criteria in various situations.

In the practice of solving the problems at this study, the most common
situations are deterministic assignment of weight coefficients and the use of

appropriate models for determining utility functions.

For a situation when the exact quantitative values a; of particular criteria

K. (x) and their utility functions m.[ K, (x)] are known, the mathematical model of

the problem of forming a multifactorial assessment of the alternative m, [ K, (x)] will

have the form:

F(x) = Zaiml.[Ki(x)], Zn:ai =1, (3.39)

and the principle of optimality is

xO:argm%(xZaimi[Ki(x)], i=ln, D a =1, (3.40)
A= i=1

or
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x :argr)gglgaimi[Ki(x)], i=Ln, (3.41)

where m;[ K, (x)]=1-m[K (x)], is a utility loss function.
A common situation at the evaluating technological process options is the

problem in which experts cannot determine the exact quantitative values of the
weight coefficients a;, but are able to provide qualitative information regarding the

mutual importance of the evaluated criteria [95]:

Kx)f K,x)f .. fK/(x). (3.42)

In such a situation, a method of determining the best solution is proposed.
1. From the original set of variants X, a subset x°, of solutions equivalent to

the most important criterion is distinguished. For this purpose, the following single-

criterion optimization task is performed:

X°, = arg max s, [K.(x)]; (3.43)
or
X° =argmin mi[K,(x)], (3.44)

where m;[ K, (x)]- is a utility loss function.
2.1f x°, consists of more than one candidate, we proceed to the next stage,

that is, we solve the problem of choosing equivalent solutions from a set x°

according to the second most important criterion. In general, the optimization task

will have the form:

x°y =argmax m[K,(x)]; i=Ln (3.45)

xex®i-1
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x°, =arg 1’111}1 %[Kl. x)];, i= 1,_n (3.46)

o
xex®;_

3. Optimization continues until a single solution is obtained or the criteria are
completed. The resulting decision is taken as the optimal.

4. If the assessment requires ranking of the entire set of options, the best
solution obtained is excluded from X and the procedure described above is repeated
on the remaining solutions.

For the case when the decision maker does not have either qualitative or

quantitative information about the coefficients a;, the condition of equality or quasi-

1 . —

equality of the importance of the criteria @, = —, i = 1,1 can be accepted, and the
n

model for assessing the generalized utility of the alternative x € X will have the

form:

F(x) = %{Zn: m[K, (x)]}, i=Ln, (3.47)

and the principle of optimality will be:

x° =arg me}t{xl{Zmi[Ki (x)]}, [ = 1,_n, (3.43)
xe n P
or
1| &— . T
x° =arg ml)?—{z mi[K, (x)]}, i=Ln. (3.49)
xe n P

In the practice of analysis, there are also cases when at evaluating options for

some criteria K, (x),7 =1,n the weight coefficients are known, and for others, there

i1s no preference assessment. In this case, it is proposed to consider two sets of

criteria: the set of criteria R with known weight coefficients a; and the set Q of

82



criteria for which a; is not known.
The powers of the sets are r and q, respectively. Then the effective solution

x° € X can be determined by a mathematical model of the form:

r

x°=argmax = Z aimi[Kl.(x)]nLl{l—Zr:ai} Zq: m [K (x)]¢.(3.50)
q .

xeX P j=1
K;(x)eR K;(x)eQ

It is easier for people participating in the assessment to express their opinion

on the importance of a particular criterion not in the form of a point assessment, but

n
in the form of intervals. [al.mm,al.max], wherein Zaimin =1,
i=1

D 11111,
i=1

In this case, to solve the problem, a two-level procedure for choosing a
compromise solution is performed. First, we solve n optimization problems of the

form:

rmax

x°=argm2}(x a, ml.[Ki(x)]+Zn:ajmj[Kj(x)] (3.51)

Zaj :l_aimax ’ aj e[ajmin’ajmax]’

J#I, jzl,_l’l, i=1,l’l.
Then by values x,° i = I,_n calculate:

K, =max K, (x,°); K/, =minK,(x,°), (3.52)
i J

i=Ln, j=Ln, j#i.
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Thus, the boundaries of the area from which the compromise solution is
determined are established.

The multi-criteria of the process is determined by various factors of its
functioning. These factors can be conditionally divided into groups of factors having
some commonality of the area of existence and the degree of influence on the final
result determined by the goal and parameters of the investigated process. Such
groups of factors include, for example, the following:

e technical, determining the equipment of TP with equipment and accessories;

e economic, affecting the cost and return on investment;

e environmental, determining the amount of resources to ensure environmental
protection;

e human resources - the volume and quality of human resources for the

implementation of the planned work.

The criteria for evaluating TP options are closely related to each other aimed
at achieving a common goal and can be expressed both by technical characteristics
and by cost. Another feature of the criteria that determine the characteristics of
technological processes 1is the assessment of continuity, typification,
manufacturability, flexibility, etc.

The past experience in the application of technological solutions is stored in
the database of the decision making system (DMS) in the form of a structure of
universal operations and the required equipment. To obtain information about the
project of past developments, it is necessary to form an "image" of the conditional
basic operation of new developments and, according to the degree of proximity with
a similar part of past works, extract a list of technological processes for
manufacturing the basic part.

Thus, information will be obtained to evaluate the values of the criteria for
various options for the required equipment with equipment and tooling, volumes and
types of materials and components, labor intensity by type of work, quantity and

quality of labor resources.
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The obtained values of the utility function of the particular criteria make it
possible to carry out the procedure of multi-criteria evaluation of options. There are
two main ways of presenting the results of multicriteria assessment of decision
options - obtaining the only, best estimate of the alternative and building a ranked

series of assessments of alternatives by the value of the utility function in the form:
P(x)= Za [K,(x)].i=1,n, Za =1,a;€[0,1].  (3.53)

The optimality principle, depending on the formulation of the problem of

obtaining the best value x°, will have the form:
° = i PIK.(x)], i=Ln Y a =1 3.54
X’ =arg min ;al K, (x)],i=Ln, > a (3.54)

or in the case when the best option is the result of the minimum value of the utility

function of the alternative:

X’ =arg min ;aiP[KI. (x)],i= l,n, (3.55)

where F[K ;(x)]=1-P[K;(x)] is a utility function.

It is more convenient to present the results of calculating the values of the
utility function of alternatives for further analysis in the form of a ranked series with
the corresponding directions of dominance. This is due to the fact that in accordance
with the formed a list of options for organizing technological processes from past
developments and newly proposed in the form of a ranged series in accordance with
the values of the utility function of the alternatives. The final determination of the
values of the utility function of alternatives is associated with the assessment of the

magnitude of the significance coefficients.

In a ranked list by the value of the utility function of alternatives Pix) >
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P>(x) > P3(x) > ... the number of the position occupied characterizes the relative
importance of the corresponding option.

Further, a ranked number of technological process options must be assessed
by environmental parameters.

Situations are possible when it is desirable to have an assessment of the
difference between options according to individual criteria and characteristics of
options. For this, an analysis of the degree of proximity of the main characteristics

x;; 1s carried out, where 1 is the serial number of the characteristic, j is the serial

number of the basic part, I = I,_n , J = I,_m It is assumed that the description of the
reference and planned samples is formed from identical sets of characteristics. The
deviation of the values of the characteristics of the reference sample and the planned
one is denoted Ax;.

The characteristics of the samples considered were previously normalized and
given an isomorphic appearance based on the utility function of the particular
criteria.

As a result, a multifactorial generalized assessment of the discrepancy
between the characteristics of the reference sample and the designed one can be

obtained as a weighted sum of the discrepancies for each parameter:

n
0=>aAx,, (3.56)
i=1
where a; - coefficients that determine the relative importance of the characteristics

of the option, Zai =1,0<q, <1,

i=1

The optimality principle will have the form:

n

x’ =arg min ) aAx, (3.57)

X
xe P
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The x° value is used to rank the options based on the degree of similarity of

the reference sample with the planned one.

Evaluation of options for constructing technological processes according to
environmental safety criteria is carried out in the same way, taking into account the
specifics of solving environmental problems.

Works in the field of ecology are regulated by various standards, industry
regulations, and other directive documents [98, 99]. Environmental impact
assessment 1s carried out during the development of pre-project and project
documentation for all alternative options for achieving the goals of the planned
activities in accordance with regulatory documents.

During the feasibility study of expansion, modernization, technical re-
equipment of production, the standards of maximum permissible loads on the
environment must be taken into account. Environmental requirements for
technologies, materials and production products are established in the standards for
these products.

Environmental impact assessment includes such characteristics as levels and
scale of environmental impact, indicators of the state of the environment and
environmental, social and economic consequences of possible changes in the
environment and other characteristics stipulated by legislation. In order to reduce
the level of negative impact on the environment, limits are set on emissions of
pollutants into the environment.

These parameters can be considered as particular criteria for assessing TP by
environmental characteristics.

In each specific case of pre-design analysis of technological process options
based on environmental characteristics, the list of harmful emissions and their
quantitative characteristics are selected depending on the type of planned work,
materials and equipment for TP, means of protecting the environment from negative
impacts.

The information necessary for making a decision on evaluating the options
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for technological processes can be stored in the database for standard solutions and
evaluated according to the composition of materials used for the first time and their
processing modes.

In each specific situation, experts determine a list of parameters for assessing
the environmental factors of the process and the numerical values of particular
criteria for options for technological processes. Particular criteria of TP options for

further work should be normalized.
An assessment of the options for technological processes according to
environmental criteria will be obtained on the basis of the generalized usefulness of

the alternative in the form of an additive function:

n

P(x)= Zn:al.B[Ki(x)], i=Ln, Y a=1 (3.58)
i=1

i=1

The principle of optimality is used in the form:

x° = arg max Zn:aiE[Kl.(x)], i :I,_n, Zn:ai =1. (3.59)
i=1 i=1

The analysis of the assessment of technological processes by environmental
parameters is distinguished by the peculiarities of determining the values of the
coefficients of the importance of alternatives - a;. Features of assessing the
importance of environmental characteristics for each TP option are characterized by
certain specific features.

All factors pose a certain threat from the point of view of impact on the
environment, and then the degree of their significance may be the same. The
difference may lie in the level of these harmful effects and the cost of developing
protective equipment. In addition, the composition of harmful factors can be
different and with different levels for individual options for organizing technological
processes. Consequently, the cost of creating measures to protect the environment

from possible harmful effects or paying fines and compensatory sanctions can be
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used as criteria for assessing the options for technological processes by
environmental parameters. In this case, it is possible to build a ranged series of
displayed options according to the value of the total costs for solving environmental
problems in each TP option.

Then expression (3.58) can be written in the form:

P(x):zn:Qi,izl,_n, (3.60)
i=1

where ;- total costs for solving environmental problems in each TP of the options
under consideration.

The optimality principle will have the form:
x° =arg minZQI.,izl,_n. (3.61)
i=1

In accordance with expression (3.60), it is possible to construct a ranged series

of preferences of TP options for ecological parameters of the form:
Pi(x) < P2(x) < P3(x) < ... (3.62)

As a result, there is a ranged number of preferences of TP options by
technological parameters and a ranged series of the same TP options by
environmental characteristics.

Joint consideration of these two series will make it possible to evaluate the
selected options for technological processes according to technological and
environmental criteria.

To determine the utility function of each variant of the technological process,
the ordinal numbers of the variants in the lists by belonging, estimated, for example,
in points and having passed the standardization procedure, can be considered as
evaluation criteria.

The generalized assessment of each option will be determined by the value of
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the utility function of the form:
w(K)=CP(K)+C,0(K,),0<C <1,0<C,<1.C +C, =1, (3.63)

where P(K,), O(K,) - particular criteria for technical and environmental

indicators of TP options, respectively. Each of them is normalized and has the same

range of possible values [0, 1].
The values of the coefficients C; and C, are determined by experts or

decision makers. Based on expression (3.58), a list of technological processes is

formed according to a generalized criterion as an order relation:

y(K)>w(K,)>K >p(K,). (3.64)

The considered approach to assessing the feasibility of a development plan at
the pre-design stage of planning strategies allows us to systematize the types of

work, deadlines and amounts of costs, planned work.
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4 INFORMATION TECHNOLOGIES FOR FORMING AND
EVALUATING DECISION-MAKING ALTERNATIVES

4.1 The main functions of information technology for the formation and

evaluation of alternatives to the decisions made

Information technology for the formation and evaluation of alternatives for
decisions made (IT FEADM) is designed to automate the procedures for searching,
storing and processing information necessary for making management
decisions at the pre-project stage of planning the development of new competitive
products.

The main functions of IT are as follows:

e storage of a complete systematized set of technical documentation;

¢ information search of technological documentation;

e output of information about technological solutions for a given set of
characteristics;

e comparison of characteristics of technological processes with a given "standard"

and ranking based on multi-criteria optimization procedures.

Information technology allows to work in an interactive mode, in which the user
sets his search conditions and analysis tasks. Requests and work with information is
carried out in a user-friendly form [100].

Thus, IT FEADM solves the following tasks:

e formation, storage and processing of information (document) regarding TP,
developments of past periods (technological archives);

e search for design and technological solutions for the given characteristics and
the degree of proximity to the planned works;

e comparative assessment and ranking of selected TPs according to the degree of

closeness to the reference sample.
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The basis for solving the problem of searching for TPs close to the
planned developments is based on the principle of analogies, according
to which TPs or individual technological solutions are selected from the experience of
past developments, which are close according to the specified criteria
to the newly arisen task or "standard". Thus, a set of TP options is searched for in the
base of past developments, which are subject to further evaluation by a set
of criteria.

IT FEADM is implemented in three blocks:

¢ information support block - "Analogues",
¢ block for modeling the characteristics of technological processes - "Model",

e block for selection and evaluation of technological process options - "Options".

The "Analogue" block provides information support for decision-making by
using an integrated enterprise database, as well as storing, coding and
classifying documentation of past developments based on the enterprise's automated
archive.

The "Model" block is a system of simulation modeling of technological
processes in the form of an open-loop queuing system and provides the
calculation of functional and cost characteristics of the planned production
options.

The "Options" block provides evaluation and ranking of technological process
variants according to the specified list of values of specific criteria and is a decision-
making system.

The search for information in the archive of the enterprise and its
classification is carried out on the principles of analogy according to a given set of
attributes.

The blocks "Analog", "Model" and "Option" included in the IT FEADM operate
using the information base described below and implement the processes of searching

for variants by analogies, evaluating and ranking the selected variants.
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4.2 The structure of the technological database in the '""Analog" block

Information support for IT FEADM is provided by the operation of the "Analog"
block, which includes the following modules:

1. The "Plan" module displays the structure of the production development
plan in the form of a hierarchy of work performed. Contains information about the
types of work and the calendar dates for their implementation.

2. The "TP" module presents the main technological processes with detailing
to technological operations, describes material flows and the composition of the
required resources. Data on the terms of work, labor intensity and the amount of
required resources are refined on the basis of archival information from the database
of analogous precedents.

3. The module "Properties, parameters" provides information on the
properties of purchased and characteristics of components, materials, assemblies and
assemblies in analogue products. At the pre-project stage, this information is necessary
to determine the composition of suppliers.

The listed modules provide information for assessing the feasibility of
development strategies in terms of such indicators as the timing of work, the required
equipment, the amount of resources, the list of suppliers, and some others.

An important component of the "Analog" block for the selection of production
development options is the technological database (TDB), which consists of separate
specialized databases and includes an archive of technological solutions precedents.
The use of TDB provides an automated assessment of TP options taking into account
their features based on data analysis, from design and technological descriptions of
products to technical and economic indicators of their production [101].

The TDB conceptual model is organized according to the tiered principle
(fig. 4.1). TDB segments provide the information needs of the task of selecting options
for technological processes and include:

¢ request identification module,
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e documentary database (DDB),
o factual database (FDB),

e response generation module [102].

The product infological model reflects information about the different versions
of an object of production. As a result of the aggregation of the product model and the
production environment, we obtain a model consisting of separate fragments, each of
which contains information related to one subject area, to one of the product versions
and having a certain degree of detail, which corresponds to the pre-design stage of
production planning.

The use of the product model makes it possible to search for technological
solutions in the TDB based on information about the design features and other
properties of the planned product [103].

Description of production facilities and their identification is based on existing
classifiers. The use of classifiers ensures the implementation of a variant analysis of
products and technological processes of their production [104, 105]. When choosing a
TP-analogue at the pre-design stage, mainly structural search is carried out [106].

Thus, the information support of the tasks of analysis, selection and assessment
of production development options forms a TDB, which includes the following
information:

e a library of typical technological processes for various types of industries.

¢ technological operations, according to the classifier and the required parameters;
e cquipment classifier;

e classifier and questionnaires of technological equipment;

o types of billets;

¢ used basic and auxiliary materials;

e normative and reference information presented in the form of technological

tables and formulas for an integrated definition of resource consumption.
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Fig. 4.1 Conceptual diagram of the enterprise TDB

At the pre-design stage, aggregated data are formed on the basis of summary

sheets; data on labor input by type of work are entered, etc.
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The technical support block contains information about what equipment and
tooling is available at the enterprise, and contains not only the nomenclature, but also
the characteristics and parameters of the equipment. This information is necessary to
assess the cost of replenishment in each of the options under consideration and an
overall assessment of the feasibility of the development plan based on their system
classification.

The factographic part of the database contains information about the products of
own production and the technological processes of their manufacture.
The evaluation of existing technological processes and their modernization
options is preceded by an analysis of products manufactured at the enterprise,
which allows you to identify the composition of the initial data, form databases
of the archive of products, directories and classifiers at a particular

enterprise.

4.3 The structure of the "Options" block in the form of a precedent

decision-making system

The main modules performing the analog search procedure are as
follows:
e a module for processing the description of the developed TP and similar TP-
analogues;
e a module for presenting technological solutions, which implements interface
functions to describe the main characteristics of the planned product;
e a module for searching for close TP, which searches for similar ones to the
developed TP based on the specified similarity ratio.
The search engine performs functions based on archives (DB) of technical
documentation. The formation and management of such an archive is carried out by
the existing at the enterprise software package for planning and project management

for the creation of new technology.
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The search procedure for TP analogs consists of the following stages:

e description of TP in the form of a structured object;

¢ identification from the resulting structure of elements from the available
categories;

e clustering of found items;

e scarch for TP, which is close in structure to the planned one, according to a given
measure of proximity;

¢ narrowing the search due to the inclusion of additional TP characteristics in the
search;

e ranking of found analogs according to the degree of proximity to the planned

object.

4.3.1 Extended CBR cycle of precedent decision-making system

Let us highlight the main functions of an intelligent system that
ensures the solution of problems with the help of a plausible conclusion based on
precedents.

1. Formation of a model of a use case - a description of the problem and its
solution.

2. Choice of description language

3. Presentation of technological documentation from the archive of the
enterprise in the language of an intelligent system.

4. Search for a solution based on precedents. When searching, they are guided
by the wusefulness of a particular image for solving a new problem.
Utility is approximated by the measure of similarity of image descriptions,
calculated as the distance between images in a multidimensional feature
space.

The system that implements inference by precedents by implementing the above

functions contains the following main modules (fig. 4.2):
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e use case modeling module - provides the ability to create, modify use cases,

generate and update the archive of use cases based on existing models;

¢ internal memory - provides storage of precedents in the archive;

e precedent inference engine - allows you to search for objects by describing the
current situation;

e control module - provides interaction between modules and provides interfaces

for interacting with the external environment.

/ \ Simulation
Inner memory module

> Control >
module

Precedents T

Output
machine

. /

Fig. 4.2 Architecture of the system implementing precedent output

The process of functioning of precedent DMS (PDMS) is represented in the form
of a CBR cycle, consisting of four main phases (4-R), which, in accordance with the
terminology adopted in the theory of precedent systems [107], are designated as
follows:

e RETRIEVE - selecting from the store the most relevant precedent or set of
precedents,

e REUSE - use of selected precedents for decision-making,
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e REVISE - verification and forming a new precedent,
e RETAIN - preservation of the decision and problem situation as a new precedent.

To implement the PDMS it is necessary:

e form the structure of the main phases of the PDMS,

¢ determine the main tasks and input parameters for each phase;

e define many stages for the implementation of individual tasks
of the PDMS.

Let's define the main phases of PDMS. Some properties of the
production situation are unknown at the pre-design stage and may
be refined as development options are analyzed, other properties may be
determined imprecisely or unclearly. Therefore, for use in a DMS with
the specified features, the CBR cycle must be extended [79, 107],
by adding the revision (REVIEW) and reconstruction (RESTORE)
phases of the use-case store to the existing phases. PDMS in this case
can be divided into two interacting subsystems - a search subsystem
(RETRIEVE, REUSE, REVISE) and an adaptation subsystem (RETAIN, REVIEW,
RESTORE).

4.3.2 Model of the functioning of the precedent decision-making system

In accordance with the above main stages of DMS construction,
after determining the phases of the CBR cycle, it is necessary to decompose
them into problem components, while determining the input parameters for each phase.
As a result, a  hierarchical structural-parametric model of PDMS
functioning will be formed, which is a sequence and interconnection of
the phases of the CBR cycle, aimed at realizing the main goal of the

system - choosing the best solution from a structured base of precedents. Thus, the
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generalized hierarchical structure of the functional model contains three levels

(fig. 4.3).

Ist level - phases of the CBR cycle

C o =D

2nd level - tasks of the phasgs

3 3 3

3rd level - task stages

h 4

Fig. 4.3 Generalized hierarchical structure of the APDMS functional model

CBR-cycle can be formally presented as a set of sequentially executed phases:

CBR =(F,F,,F;, F,, Fs, Fy) (4.1)

where F| — the phase of selection of precedents similar to initiating object based on
similarity assessment; /> — decision-making phase in a problem situation by using the
derived precedent; /3 — verification and adaptation phase of the derived precedent; £
— a phase of saving the newly adopted decision in the store of precedents; F's — a phase
of revision of precedent store based on the assessment of precedent quality using
syntactic or semantic measures; F¢ — the recovery (reconstruction) phase of the
precedent store.

The "input" for the first phase is the initiating object P from the precedent

store D:
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(P,D)—> F,. (4.2)

The result of this phase is a lot of similar precedents S;, which in turn is the

source for the second phase, which formally write in the form of a display:

F(SIM)—2>F,. 4.3)

The intermediate result of the second phase is a ranked set of precedents S, and

a reference precedent P, for subsequent adaptation of the formed solution. The end
result is the Ry solution, which is the starting point for the third phase. Present the

specified transformations as a display:

F,—2cfo 5 4 (REL)—L>F, (4.4)

where A, — intermediate part of the second phase.

The problems of the third phase are solved using the utility function, which

characterizes the relative contribution of the reference solution R; to the generated

solution R, and serves as an indicator of the need to make changes in the store of

precedents. The result of this phase is the formed solution R,, which is the initial for

the fourth phase:

F(U)—%>F, . (4.5)

In the fourth phase, a new precedent P; is synthesized from the initiating object

P and the generated solution R, ; it is the starting point for the fifth phase:
F,(P)——F,. (4.6)

The entrance to the fifth phase is a new precedent Ps. The result is an evaluation

of the quality of DMS §;:

F,(Q)—1>F,. @)
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In the sixth phase, the precedent store is managed. Taking into account the many
permissible operations of changing the precedent store, information is summarized and
classified, and then the system quality estimates are recalculated:

Fs——D|(C ), (P)(c)—>(0) (4.8)

If the quality assessment of the system decreases, return to the fifth phase, if not
- the system stops until the next problem situation is detected.
The structural model of phase interaction in the process of system operation is

presented in fig. 4.4.

g
|

1 A Po T
A- adaptation i U
procedures i
K I
RT
D —precedent | Ps Fu 5
store N R’

v )
> C

Fig. 4.4 Structural model of the DMS operation process
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CONCLUSIONS

The analysis of tasks in the field of decision-making on the development of
the enterprise justifies the need to assess the feasibility of options for the
development of the enterprise at the pre-project planning stage on the main technical
and economic indicators.

The phased development model of an enterprise determines the sequence of
mapping the stages of the interconnection of the required resources in order to
achieve the specified goals of innovative development. At the pre-design stage, the
formation of technological process variants and the assessment of the technological
feasibility of development plans should be carried out based on the experience of
past developments, using the apparatus of the general theory of precedents, taking
into account the specifics of the field of application and methods of describing
technological processes in the archive of analogues. For this purpose, a minimal
structural model of a generalized process operation is used. The model of
representation of process variants in the precedent base is based on unified structural
models of technological operations, which reduces the time spent searching for
information for decision making.

Models of technological routes are used to estimate the values of technical
and economic parameters of the planned production process. The method of
estimating the characteristics of sequential technological processes based on queuing
systems allows you to estimate the time and cost parameters for decision-making on
the choice of their implementation.

The model of system representation of technological process and step-by-step
procedure of information support of decision-making process serves as a basis of a
choice of technological process by a comparative estimation of a set of variants on
the set of criteria. A phenomenological model of step-by-step selection of TP

components is used to describe the process of making an informed decision.
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Models of formation and evaluation of options for enterprise development
strategies are based on the experience of past developments and the calculation of
similarities to compare multi-criteria options, which increases the validity and
reliability of management decisions made at the pre-project stage of development
planning.

The model of the precedent system of decision-making on the choice of
variants of plans of development of the enterprise allows to reduce quantity of the
analyzed variants.

Information technology of formation and estimation of alternatives of the
accepted decisions can be used as information support and methodical maintenance
of processes of acceptance of administrative decisions on a choice of variants of

plans of development of the enterprise.
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