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DEVELOPMENT OF A DECISION
SUPPORT MODEL FOR MULTI-
STAGE INVESTMENT DECISIONS
IN PRODUCTION SYSTEMS

UNDER RISK

The object of research is the process of making investment decisions in production systems under conditions of risk and uncertainty.

Inmodern enterprise conditions, making investment decisions requires choosing between several options for production development.
Their effectiveness depends on possible states of the external environment. A feature of these processes is that investment decisions can
have several stages, and their effectiveness depends on the conditions of implementation.

The work focused on developing a decision support model that takes into account the step-by-step implementation of investment
projects and evaluates alternatives considering possible environmental scenarios. The analysis showed that traditional approaches are
mostly based on one-stage decision models, which limits the ability to consider changes in project implementation conditions.

The model for supporting investment decision-making developed in the research combines single-stage and multi-stage approaches
to evaluating the effectiveness of alternatives under conditions of risk. A feature of the obtained results is that they allow determining
the expected result of applying multi-stage alternatives and identifying rational investment strategies. An approach to evaluating the
efficiency reserve of investment projects in production was also proposed.

During the experimental verification, it was shown that the developed model allows taking into account the staged implementation
of alternatives and the information that follows from this. Thanks to this, it provides the possibility of adjusting managerial decisions
depending on the actual state of the environment at different stages of the implementation of the adopted decisions.

The developed model can be used in the process of substantiating investment decisions in production systems under conditions of risk.
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1. Introduction

The processes of making managerial decisions in production sys-
tems are usually characterized by a high level of complexity and un-
certainty. This is due to the presence of several competing alternatives
and the possibility of changing the state of the environment [1]. Among
the factors that influence the processes of making and implementing
managerial decisions are dynamic changes in the market environment,
technological development, etc. [2]. In many cases, the choice is made
between several alternative investment decisions, which may have dif-
ferent expected economic results depending on the possible states of the
environment in which they are implemented [3]. Therefore, the use of
economic and mathematical models and information systems for deci-
sion support is relevant, which allow justifying managerial decisions
based on a formalized analysis of alternatives.

The problem of making managerial decisions regarding invest-
ment activities in production under risk is the subject of research in
the theory of decision-making and economic and mathematical model-
ing [3,4]. In numerous scientific works, various approaches to assessing
the effectiveness of alternatives in decision-making problems under risk
have been proposed. In particular, such approaches are based on the use
of decision theory criteria, stochastic analysis methods and models for

assessing expected results [5, 6]. Decision-making criteria under risk
conditions are also widely used, which allow determining a rational
alternative taking into account the probabilities of possible environ-
mental states [7, 8]. Despite their proven effectiveness, these methods
have a number of limitations, including the fact that they are focused on
evaluating alternatives within a single-stage selection.

An analysis of scientific sources that study investment projects in
production systems has shown that strategic investment decisions are
often made not once, but as a sequence of interconnected decisions.
Such decisions are refined as new information is obtained about market
and other conditions for project implementation [9, 10]. These ap-
proaches allow reducing risk and increasing the adaptability of man-
agement strategies for the development of production [11]. Therefore,
an urgent scientific task is to develop models to support investment
decision-making that allow taking into account the sequence of man-
agement actions and the relationship of results at different stages of the
implementation of the investment strategy.

In [12], two-stage models of managerial decision-making under risk
and uncertainty are considered. The authors propose ways to solve such
problems. However, the work does not contain a generalization to the
multi-stage decision-making process, and does not offer a mechanism
for comparing decisions made using different approaches.
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In this regard, there is a need to build models that combine the
capabilities of one-stage and multi-stage analysis of investment deci-
sions and allow for the assessment of potential efficiency reserves. Such
reserves, as a rule, arise as a result of the use of more flexible decision-
making strategies.

The aim of research is to develop a model to support investment
decision-making in production systems based on one-stage and multi-
stage analysis of alternatives under risk. This will allow for the identi-
fication of rational investment alternatives and the assessment of ef-
ﬁciency reserves when using multifstage investment strategies.

The following objectives were solved during the research:

1. To perform a verbal-mathematical formulation of the problem
of assessing investment alternatives under risk.

2. To develop a method for solving the problem.

3. To verify the developed method.

2. Materials and Methods

The object of research is the processes of making investment deci-
sions in production systems under risk and uncertainty.

The subject of research is methods and models for assessing the ef-
fectiveness of investment alternatives in a multi-stage decision-making
process under risk.

During the research, methods of economic and mathematical mod-
eling were used to assess investment alternatives in production from the
point of view of their potential utility, expected economic results under
various possible environmental conditions.

The theoretical basis of research is the methods and tools of the
theory of decision-making under risk and uncertainty. In this case,
investment alternatives are considered as possible solutions, and the
environment for implementing alternatives is described through a set
of possible states with given probabilities of their occurrence. The key
method that was put into the process of analyzing alternatives is the
Bayes-Laplace criterion. This method is successfully used to analyze
alternatives and their utility under various environmental conditions.

Methods of making multi-stage management decisions were used
to analyze sequential decisions. This allowed to analyze the possibility
of taking into account the consequences of adopting alternatives at the
subsequent stages of their implementation.

3. Results and Discussion

3.1. Verbal and mathematical formulation of the problem of
evaluating investment alternatives

The problem of selecting investment projects is considered in the
form of a problem of analyzing data on a set of alternatives, a set of
environm ental states and the corresponding economic results of imple-
menting alternatives. In such a formulation, the problem is reduced
to a problem of decision-making under risk conditions [12, 13]. It is
necessary to find the most effective alternative from the point of view
of the decision-maker [14]. Moreover, the alternatives will correspond
to investment projects, and the environmental states characterize the
possible conditions for implementing these projects.

Within the framework of this research, two problems are consid-
ered: single-stage and multi-stage decision-making problems.

Single-stage model of investment decision-making: The investment
decision-making problem in a single-stage formulation will be pre-
sented in the form of a problem of choosing one alternative from a given
set of possible options. Such a choice is made taking into account infor-
mation about the set of possible environmental states for implement-
ing alternatives. The main feature of problems of this type is that the
alternative (investment project) is chosen once. In the process of its
implementation, one of the expected states of the environment occurs,
under which condition the selected project is implemented. The choice

is made on the basis of estimates of the effectiveness of alternatives in
the occurrence of different states and taking into account the prob-
ability of occurrence of these states. Formally, this can be written in the
form (1) and Table 1

[:(ASUP)—>E, (1)

where A = {A},A,,..,A,,} — the set of investment alternatives; S =
=1{51,5,,....5,} — the set of environmental states that can occur after
choosing an alternative; U :{u{r}1=lﬁ,f=ﬂ — the matrix of utility func-
tion values for alternatives in different environmental states, where
u;; — the economic utility of alternative A; provided that state S; occurs;

P = (p1,p2,....pn) — the vector of probabilities of occurrence of the cor-
responding environmental states, where ZP; =1;E=(ELEy ... Ep) -
j=1

the vector of integral utilities of the corresponding alternatives.

Table 1
One-stage decision-making problem
Environment states
Alternatives
M S S,
A uyy Ui 1,
A uy1 ) #y,
Am Um1 U Uppn
Probabilities )2\ )2 P

The task is to build a model for choosing such an alternative from
the set of alternatives A, the implementation of which involves obtaining
better efficiency in a certain sense.

Multi-stage model of investment decision-making: In real conditions
of implementation of investment projects in production, the decision-
making process is multi-stage in nature. This is due to the fact that the
implementation of such projects usually requires a sufficiently long period
of time during which environmental conditions can change significantly.
Such changes can affect management decisions regarding the implemen-
tation of subsequent stages of the project. In this case, the investment
decision-making process can be considered as a multi-stage decision-
making process, and these stages are interconnected. At the same time, at
each stage, a separate management decision is made, which depends on
the previous stages of project implementation and is based on informa-
tion about possible subsequent changes in environmental conditions.

The process of making management decisions in multi-stage de-
cision-making models is to some extent iterative. At the first stage, the
decision maker knows the set of alternatives for this stage, the set of en-
vironmental states and the consequences of implementing a particular
alternative in each state. Also, for each alternative, the stages of its imple-
mentation and the options for management decisions that will take place
at each stage may be known. Thus, the decision at the first stage is made
based on the analysis of all the specified information. As soon as a specific
alternative is selected, all other alternatives and information about them
become irrelevant and are discarded from consideration. As a result, the
uncertainty regarding some of the system parameters decreases, and the
process of making further decisions becomes more definite. In the process
of implementing the selected alternative, a certain state of the environ-
ment occurs and the decision-making process moves to the next stage.
Thus, after each stage of project implementation, information about the
conditions for its implementation is clarified.

Therefore, the multi-stage process of making investment decisions
can be considered as a sequence of stages, at each of which information
about the state of the system is clarified and further management ac-
tions are adjusted, and depicted in the form of a decision tree (Fig. 1).
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Fig. 1. Decision tree of a multi-stage investment decision-making model

As can be seen from Fig. 1, each path in such a tree corresponds to
a possible scenario for the implementation of an investment project, for
which the integral economic result can be estimated.

Mathematically, this problem can be presented as follows:

Let there be a multi-stage investment decision-making process,
which is a sequence of T stages.

At each stage £, t=1,T, the decision-maker chooses an alternative
from the set A" ={A" A", ,Ag’)} When choosing alternatives, the
set of possible environmental states N {?“ ,SZ[), . ')} at which
the selected alternative will be implemented, and the distribution of
the probabilities of their occurrence depending on which environ-
mental states occurred at the previous stages are known. At the same
time, for each state A W te {23, } the vector of conditional prob-
abllmes P ) = p(9 W) ?“ Dy, p(9 isknown, where
p(s; ~the probablllty of the occurrence olf the environmen-
tal state S(' under the condition that the state S occurred at the
previous stage It is also worth noting that the condltlon for probabili-
ties should be met

P

Vi=2T,VI=1n,_: Zp(sﬁ” |S,<H>):1. )
1

For the environmental states considered at the first stage, prob-
abilities are known, similar to the one-stage decision-making problem.

Also, for each stage, matrices of values of utility functions of alterna-
tives Umt L =1u (‘“ " }1 Do iy Are known.

The task is to build s model that allows at the first stage to choose
an alternative that is the most effective, taking into account the possible
results of its implementation and further solving decision-making prob-
lems at the following stages.

3.2. Development of a method for solving the problem

In this research, a method for solving the problem of selecting invest-
ment projects in production was developed. This method is based on
the presentation of this problem in the form of both a single-stage and
multi-stage decision-making problem. During the analysis, the efficiency
values of the alternatives obtained in each of the mentioned problems
are compared. The components of the developed method are presented
as different ways of solving the problem depending on its formulation.

Method for solving a single-stage decision-making problem: When
solving a single-stage decision-making problem, data on the subse-
quent stages of project implementation are not taken into account. The
decision-maker analyzes only the data given in Table 1 and, on their
basis, determines the integral assessment of each alternative. In such
a statement of the problem, each alternative from the set is considered
as a separate management decision, the result of the implementation of

which uj; depends on the possible states of the external environment
from the set S. In this case, the probabilities of the occurrence of the
states of the environment p; are additionally known. In this case, the
integral estimate of each alternative can be calculated as the math-
ematical expectation of the economic result by the formula

E(A)= pu,, i=Lm. 3)
J=1

The obtained values of the integral estimates will form the vector
of utility of alternatives E = (Ey, Ey, ..., Ey).

Then, the optimal alternative is selected from the set A", which it
is formed according to the rule

A'=Argmax E(A,)). (4)
i=l,m

This method of solving the problem of choosing an investment pro-
ject in production allows to develop management decisions based on
the analysis of their expected efficiency without taking into account the
consequences of their choice at the subsequent stages of their implemen-
tation. The advantage of this method is its low resource intensity and
relatively low computational complexity. Its application does not require
the construction of complex scenario models of project implementation.

However, the proposed method has a number of limitations, in-
cluding the fact that it does not allow taking into account informa-
tion that can be obtained at subsequent stages of its implementation.
As a result, the potential benefits of adaptive project management re-
main unused, which may lead to underestimation of the effectiveness
of investment alternatives.

Thus, it is advisable to use a multi-stage approach to decision-making.

Method for solving a multi-stage decision-making problem: Similarly
to single-stage decision-making, in a multi-stage problem, an integral
estimate is calculated for each alternative of the first stage, taking into
account the consequences of its choice at subsequent stages. The for-
mula for calculating integral estimates is as follows

ET(A,“)):i( W+ max Zp(g“ )

(2)
= A i =Lm,

e s SIS 5}

(1)
/\ S =1my =1

(2)

X uAu)

Then, the optimal alternative is selected from the set A, which in
this case is formed according to the rule

A = Argmax E,(A"Y). (6)

i=Lm
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Using rules (5), (6) will ensure that all possible cases are taken into
account in the multi-stage decision-making process.

Estimation of production reserves based on a comparison of single-
stage and multi-stage models: As previously shown, in a single-stage
problem formulation, the choice of an alternative is carried out without
taking into account the possible existence of several stages of imple-
mentation of alternatives and the consequences of adjusting manage-
ment decisions on them. In turn, in a multi-stage formulation, there
is a possibility of taking into account different options for adapting
a management decision in the process of implementing alternatives. In
this case, the forecast values of the utility function of alternatives and
the probability of occurrence of different states of their implementation
environments at subsequent stages are used.

As a result, according to relations (5), (6), the expected effectiveness
of solutions obtained in a multi-stage model may differ from the effec-
tiveness of solutions determined in a single-stage problem formulation.
Therefore, the difference between these values is interesting from the
point of view of analysis. It can potentially characterize the additional
economic effect that arises due to the use of a multi-stage approach to
making investment decisions. This additional effect can be interpreted
as a potential production reserve that can be used in the process of
managing the investment activities of the enterprise.

Within the proposed model, a production reserve index has been
developed. The idea of this indicator is to compare the results of a lo-
cally optimal solution obtained within the framework of a single-stage
problem statement and a globally optimal solution determined within
the framework of a multi-stage decision-making model.

The Production Reserve Index (PRI) is defined as the difference be-
tween the expected results of a globally optimal solution (Egzozmz(A;;laml)’
model (3), (4)) and a solution obtained within the framework of local
analysis (E,,(A,,,), model (5), (6)). That is, PRI is calculated as

PRI=E global (A:qlobal )- B (AI:)axI )- (7)

In the general case, the inequality holds E oAt # B (A
where AgW #A . This is due to the fact that, as a rule, the first
stages of the implementation of investment projects in production
are accompanied by unavoidable costs, while subsequent ones can
bring profits. In addition, the use of only a single-stage decision-
making model does not allow for the possibility of adaptive response
to changing environmental conditions in the process of implementing
management decisions.

For the PRI value, the following cases are possible:
— if PRI > 0, then the expected efficiency of the globally optimal
solution exceeds the efficiency of the locally optimal solution. In this
case, the use of a multi-stage decision-making model allows for the
potential to obtain additional economic effect;
— if PRI = 0, then the use of a multi-stage model does not provide
additional economic effect compared to the single-stage model;
— if PRI < 0, then the expected efficiency of the solution obtained
in the multi-stage model is less than the efficiency of the solution
determined within the single-stage approach. Such a situation may
indicate an increased level of risk at the subsequent stages of the
investment project implementation or the presence of unfavorable
scenarios of the external environment development that reduce the
expected economic result.

Due to the fact that the efficiency of alternatives often represents the
expected profits from their implementation, it is advisable to consider
relative values when calculating the production reserve index. In this
case, it should be calculated as

local *

_ E global (A ;;/Ubal ) - Eloml (Az;cuz)
% N
° |Eva (A1)

PRI -100%. (8)

This form of the index allows to interpret it as a relative increase in
efficiency achieved when using a multi-stage decision-making model
compared to a single-stage one.

When comparing the global and local efficiency of optimal alterna-
tives in the case when Eglabul(A;Iulm/) >0 and E,_,(A,,,)>0, their ratio
shows the ratio of the expected result of the globally optimal solution
to the result of the locally optimal solution. This value is defined as the
Production Reserve Coefficient, which is calculated according to the rule

E global (A global )
Epea (Amz )

Thus, the proposed indicators provide the possibility of quanti-
tative assessment of production reserves and allow to determine the
potential additional economic effect that can be obtained as a result of
using a multi-stage decision-making model.

PRC = ©)

3.3. Application of the developed method to solving a numeri-
cal problem

The problem of choosing an investment project for the moderniza-
tion of a manufacturing enterprise that plans to update technological
equipment to increase production efficiency is considered.

Possible investment alternatives are as follows:

- A; - modernization of an existing production line;

- A, - introduction of a new automated production section;

- A; - launch of a new technological line using digital production

management systems.

The economic result of the implementation of each project (the
value of the utility function) depends on the necessary investments
and the state of the market environment, which is determined by the
demand for the enterprise’s products.

Three possible states of the environment are considered:

- §; - low demand for products;

- S, - stable demand for products;

- S3-high demand for products.

The values of the utility function and the probability of the states
are given in Table 2.

Table 2
Expected economic results of the implementation of investment projects*®

Alternatives Environment states

M| S S5

A, 12 25 40

A 8 30 55

A s 28 70

Probabilities 0.3 0.5 0.2

Note: * — values are given in million UAH. Conversion: 1 EUR =

=50.96 UAH (as of 14.03.2026)

At the first stage, it is possible to consider a one-stage decision-mak-
ing model. In this case, the optimal alternative is determined based on
the expected value of the economic result according to formulas (3), (4).
Then Ej(A;) = 24.1, Ei(A;) = 284, Ei(A;) = 26.5. Thus, the optimal
alternative is A, i. e. A;WI =A,.

It is possible to suppose that after the implementation of the first
stage and the occurrence of one of the environmental states, the enter-
prise can make an additional management decision:

— By - operate in the basic mode;

- B, —adapt the production program.

The environmental states of the second stage are also known:

- T - unfavorable development of conditions;

- T, - favorable development of conditions.
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Then, at the second stage, a new one-stage decision-making problem
arises, but already under the condition that a certain investment project A;
is selected and a certain state of the environment S; has occurred.

The data for the second stage problem are given in Table 3.

Table 3

Expected economic results of alternatives for the second stage of
implementation of investment projects*

Alternatives Environment states
First | Second
Stage Stage T; |Sl T; |Sl Ti |S2 T;. |SZ T; |Sx T; 53
By 1 4 3 6 5 9
Ay
B, 2 5 4 8 6 11
B, 1 3 2 7 6 12
A
B, 2 4 3 8 7 13
B 4 8 6 11 10 18
A
B, S 10 7 13 12 22
Probabilities 0.7 0.3 0.5 0.5 0.2 0.8
Note: * — values are given in million UAH. Conversion: 1 EUR =

= 50.96 UAH (as of 14.03.2026)

Then, according to formula (5): Ex(A;) = 29.97, Ex(A;) = 34.29,
E>(A3) = 37.45. Thus, A;{IUIM[ =A,. According to (7)-(9): PRI = 3.16,
PRIy, = 9.22%, PRC = 1.09.

Within the one-stage model, alternative A, is the most effective,
while in the two-stage formulation, alternative A3 becomes optimal.
This is explained by the fact that project A; provides a greater poten-
tial for adapting management decisions at the second stage, especially
under favorable environmental conditions. Therefore, the multi-stage
model allows identifying additional production reserves that are not
taken into account in the one-stage formulation.

3.4. Discussion

The results obtained demonstrated the feasibility of using the de-
veloped model of investment decision-making in production under risk
conditions. In the course of solving the model problem, it was shown
that the results of solving single-stage and multi-stage problems in the
general case differ. This is due to the analysis of additional information
in the multi-stage version. Moreover, the use of a two-stage formulation
made it possible to more fully take into account changes in the condi-
tions of project implementation at its various stages and adapt manage-
ment decisions to these changes. In particular, as a result of solving the
single-stage decision-making problem, alternative A, was chosen as the
optimal one, while alternative A; was chosen as the solution to the two-
stage problem. This demonstrates how a more complete consideration
of the dynamics of investment project implementation allows rethink-
ing the level of efficiency of alternatives.

The use of the indices introduced in the research to compare solu-
tions to the single-stage and two-stage problem showed the possibility
of determining the quantitative effect of using an adaptive management
strategy. The obtained value of the production reserve index of 3.16 mil-
lion UAH (62000 EUR) characterizes the potential additional potential
for increasing the efficiency of investment decisions. The calculated
production reserve utilization ratio is 1.09, which corresponds to a po-
tential increase in the efficiency of the decision by approximately 9%.

Thus, the developed method and the model built on its basis allow
to justify the choice of alternatives and assess potential production
reserves under variable conditions of their implementation.

The practical value of the results lies in the possibility of using
the model and indicators in decision support systems for managing
investment projects in manufacturing enterprises. Using the produc-
tion reserve index allows to identify situations in which it is advisable

to apply more complex analysis models, as well as to assess the poten-
tial economic effect of adaptive management of investment processes.

The limitations of this research are associated with the consideration
of a limited number of alternatives and possible environmental states
for which the probability distributions of their occurrence are known.
In reality, such a task may be accompanied by additional uncertainty.

The conditions of martial law in Ukraine enhance the relevance of
the developed models, which allow taking into account different scenarios
of events and adapting investment strategies to changes in the environ-
ment. Prospects for further research are related to scaling. In particular,
in the case of more complex multi-stage investment strategies.

4., Conclusions

1. A verbal-mathematical formulation of the problem of evaluat-
ing investment alternatives in the form of a single-stage and multi-stage
decision-making problem under risk conditions was performed. The
multi-stage investment decision-making process was decomposed and
schematically depicted in the form of a decision tree. This allowed
formalizing the investment decision-making process and calculating
the sequence of stages of investment project implementation.

2. An approach to evaluating investment alternatives was pro-
posed, within the framework of which a method for solving the problem
was developed. It is based on a combination of single-stage and multi-
stage analysis of alternatives. Based on the developed method, an algo-
rithm was proposed, the application of which allows not only to select
optimal alternatives, but also to assess production reserves identified
during the application of a multi-stage decision-making model. The
novelty of the results obtained lies in the possibility of decomposing
the process of making and implementing decisions into a multi-stage
process; in the introduction of a production reserve index for the pos-
sibility of quantitatively assessing the additional effect of using a multi-
stage model.

3. The developed method was verified. The results obtained
showed that its use allows to identify more effective alternatives com-
pared to classical methods. In particular, for the model example, the
production reserve index was 62000 EUR, which corresponds to an
increase in efficiency by 9%. Thus, by adapting management decisions,
it is possible to ensure the selection of more effective alternatives. The
results obtained showed that the use of a multi-stage model allows to
take into account additional information that may appear at the subse-
quent stages of the investment project implementation regarding the
possibility of adjusting management decisions depending on the actual
state of the environment.
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