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decision system and optimization module.
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1. Introduction

Information and telecommunication technologies have recently become one of the most crucial factors in
enterprise development. Information systems for enterprise resource and product life cycle management are facing
their active transformation into a global strategy (Hess, Matt, Benlian, & Wiesbock, 2016; Kuzmin, 2017), where
integrated automation of all the business processes (Shi & Wang, 2018) is getting more and more in demand.

Application of the potential of information technology in enterprise modernization goes hand in hand with a
number of the contradictions that we need to overcome. The main contradiction is that existing function-aimed
organizational structures of enterprises do not always suite efficient decision making on introduction of new
information technology in the field of design. This is due to a number of closely interrelated factors. This is also
an important research objective, solvable, from our point of view, with the shared methodological framework in
place that includes decision-making systems based on multi-agent and simulation modelling (Batkovskiy,
Konovalova, Semenova, Trofimets, & Fomina, 2015). For this reason, it is of immediate interest to establish
management of designing, development and introduction of the systems that use integration mechanisms. Such
management has to ensure building of a shared information space.

Therefore, a research purpose is development of methods that support decision-making, as well as development of
the multi-agent model and a number of the statistical criteria for simulation, which contribute into such the
distribution of tasks between performers that ensures the highest economic efficiency in building of enterprise
information systems.

2. Literature Review

Introduction of an information system aims at higher performance of production facilities (Belas, Bartos,
Kljuénikov, and Dolezal, 2015), as well as supporting of managerial decision-making under conditions of
uncertainty and risk (Mohammad, 2015). There are several reasons for this. Note that well-time, accurate and
complete managerial data are factors that provide for production efficiency (Batkovskiy, Kalachikhin, Semenova,
Telnov, and Fomina, 2016b), while sustainable production scheduling and its monitoring might be achieved with
an efficient enterprise information system (Gontarz, Hampl, Weiss, and Wegener, 2015). A current situation
brings up to date development of the all-inclusive integrated information systems that provide for necessary
managerial functions (Mamary, Shamsuddin, and Aziati, 2014).

For the abovementioned reasons, some methodological aspects in development of information systems and issues
of ensured efficient project management in IT system development have not yet been elaborated to a required
level and have been intensively discussed (Batkovskiy, Kalachikhin, Semenova, Telnov, and Fomina, 2016a).

Main strategies and approaches to building of large-scale information systems have been developed for a long
time (Marcinkowski & Gawin, 2016) to meet ever-changing market needs. For instance, cloud technologies
(Nguyen & Luc, 2018), sensors and intelligent control systems (Vlasov, Grigoriev, Krivoshein, Shakhnov, Filin,
& Migalin, 2018; Vlasov, Echeistov, Krivoshein, Shakhnov, Filin, & Migalin, 2018) are of particular importance
now. Over the past few decades, many product lifecycle models and group development methodologies have been
developed to improve a quality of the software being developed (Mihaela Dima & Maassen, 2018; Tavares,
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2016). To assess success and quality aspects of the information systems being developed, there are sets of metrics
and indicators (Delone & McLean, 2016).

Many researchers pay attention to development management in case of changed functional requirements to a
software product. See the model for evaluation of such cases in Shah, Kama, and Bakar, 2018. See a detailed
analysis of problems (incorrect prioritization of tasks, errors in a source code, and incompliance with functional
requirements) in Sun, Ni, Lam and Ng (2016), as well as in Lehtinen, Méntyl4, Vanhanen, Itkonen, and
Lassenius, 2014.

Simulation of decision support and analysis of processes has found its applications in many areas of research and
in practiced-based solutions (Zulkosky, White, Price, and Pretz, 2016; Marzouk & Mohamed, 2019; Schubert,
Moradi, Asadi, Luotsinen, Sjoberg, Horling, Linderhed, and Oskarsson, 2015; Giigdemir & Selim, 2018).

Multi-agent simulation, chosen as one of the main tools in this research, has found its applications in various
domains. For instance, for development of network topologies (Kamiyama, 2016), consciousness (Arsene &
Dumitrache, 2017) and transportation-related tasks (Mastio, Zargayouna, Scemama, and Rana, 2018). The second
most important tool applied in this research is the decision support system. For instance, in management of
corporations (Chen, Yen, Lin, and Chou, 2018), when people decide on location of production facilities (Kuzmin,
2018) or a reasonable configuration of the product being designed (Buchert, Ko, Graf, Vollmer, Alkhayat,
Brandenburg, Stark, Klocke, Leistner, and Schleifenbaum, 2019). Object ranking methods have been also in wide
use and have faced their development (Asadabadi, 2018; Safarzadeh, Khansefid, and Rasti-Barzoki, 2018). We
are aware of the attempts to describe a development process of enterprise information systems with the help of the
multi-agent model. However, specifics of its application does not make it possible to have full and comprehensive
review of the problem of large-scale project management, where projects assume development of information
systems.

3. Materials and methods
3.1 Simulation formalization of EIS development

In this research, the methodological framework for applications of decision-making support models have found
their further development with regard to tasks of planning and management in the development and introduction
of enterprise information systems.

There are the following components in the development process model (DM):

a) Tasks for development of the modules that an enterprise information system includes, for which there is a need
in a research at a pre-design stage.

b) Alternatives are options of EIS development. They all find their representation in the form of a relevant model
with a specific set of parameters (for instance, distribution of powers at stages of design and development) and,
possibly, unique structure. The models are ranked to help decision makers to choose a rational scenario for EIS
development.

c) Parameters of the simulation model and criteria for evaluation of simulation results are main criteria for
ranking of alternatives.

To state the problem in a formal way, let us introduce the following denotations.
T :{Tl,TZ,...,Ti,...,Tn},i =1n,

where T is an array of assignments (orders for EIS development).

1)
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For each assignment, there is a finite sub-array of alternatives shown with models A :

A:{ail,aiz,...,aij,...,aim},i:l,_n; jzl,_m, (2)
where a,; is the ] -th alternative for the 1 -the assignment;
M ={M;,M,,...M,,...,M_ }i=1n (©)

M is an array of options of the models compared with each sub-array of alternatives in such a way as each set of
alternatives A has array of models M,, where:

M; z{ﬂl(Al’E‘l)’ﬂZ(AZ’EZ) - Hj (AJ"_‘ )a - My (Ami:m)} Ln; i= =1m (4)
where ,; is a specific implementation of a model, while

Ay ={h 2o Ay A B =1k =1 m
= ={& &by I =1V j=1m

where A, is an array of input data — model parameters, while = J. is a vector of criteria for the evaluation of

: (®)

simulation results.

The above-mentioned assumes that there is a need in introduction of the algorithm that establishes correlation
between objects T, A, M, L ,&:

VTAA Ve, (€ A)Iu (ALE)) 4 M, i=1n;j=1m (6)

There is a separated review of model optimization (rationalization). This process refers to a selection of the most
favourable vector for model parameters. In this case, there is an aim to achieve the indicators that a user wants for
EIS development process. Let us introduce the following denotations:

N is dimensionality of the model parameters’ vector;

m is dimensionality of the vector of evaluation criteria for simulation results;

X :{lexzv"'xi""x } i :1_n is a set of parameters for a model;
Y = {yl, y2""yj""ym} j=1,m is a vector of evaluation criteria for simulation results;

A={a1,az,...ai,...an},i :1,n , where @, is a down-top constraint by amount of available resources in EIS
development;

={b,b,,...b,...,},i=Ln , where b, is a top-down constraint by amount of available resources in EIS
development.

With the denotations introduced, the formal record of the task has one of the following forms depending on user’s
preferences:
m;;ix{yj = f(X)]

min{y,; = f (X)]

In Equation (7), f (X) refers to a transformation of the vector of parameters into one of criteria Yy jto evaluate

()

simulation results and chosen by a user as a target function. Given the resource constraints:
XiSbi,(izl n) (8)
X =a ( =1, n)
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Note that almost in each tasks related to CIS development, m>1. That is, the optimization problem belongs to the
class of multi-criteria problems. To work with this class of engineering challenges, we applied the hybrid method
for preference identification. With this scenario, it is possible to use quantitative ranking methods for the
alternatives that fall in the same area (Spina, 2016).

When people build, upgrade and introduce IESs, it is necessary to provide a project manager with probabilistic
and temporal performance metrics for the personnel involved in parametric and structural changes in software
development. This is necessary for taking necessary measures and making influence performers (Sudhaman &
Thangavel, 2015).

To debug and explore a chance of an application of the considered approach, authors built the development model

(DM) for an enterprise information system. Taking into account the accepted assumptions, there are the following
stages in a flow of applications in development of the enterprise information system (Fig. 1).

C o O

task setting

Architectural design

task formalization
\ 4

Coding

end of development

A
( End )

Fig. 1. Diagram of interconnected stages in the software development simplified cycle

Detailing of requirements

DM is based on simplified development of software. There are the following events in the model considered in
enterprise information system development: (1) application enters the system, (2) application processing at the
Architecture stage, (3) application processing at the Development stage. See the relationship of the
abovementioned model events in Fig. 2.

(1-1) (2-2) (3-3)

<< g (1-2) E E 5 (2-3) @

Fig. 2. Model event graph
Each transition on the model event graph triggers scheduling of a model event. It is enough to have such a

relatively simple model for development for a further test and debugging of an approach, as well as substantiating
of its possible use in more complex tasks of IES development with the multi-agent models applied.
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3.2. Multi-agent model for development of enterprise information system

To achieve high performance of employees when they build, update, apply and maintain the information system
(Wanderley, Menezes, Gusmao, & Lima, 2015), (Choudhary, Kumar, Kumar, Mishra, & Catal, 2018), based on
the abovementioned approach, the authors developed the multi-agent model of the development process (DM).

It is assumed that in the model under consideration, agents have preference functions and they are guided by such
functions. It is assumed that the agent’s preference function (that belongs to class Problem Owner [PO]) is
without changes. For the tasks that allow the optimization of a structure, it is possible to set functions of the
agents that belong to class Object (O), for the other tasks, O function stays unchanged. The preference function
for an agent that belongs to class Subject (C) has two parts: it includes one’s own interests that are assumed
unchanged, and the interests affected by PO. In its last part, the preference function is adjustable. Virtual agents
(VAs) are, as a rule, made with such the system of preferences as to provide a search for a global optimum.
Agent’s preferences are often imprecise and unclear. Besides, estimated judgments of agents by criteria can often
be obtained with a certain error, which is reasonable to be taken into account. To use fuzzy judgments in the
model, it is necessary to apply the apparatus from the theory of fuzzy sets. See the diagram that describes a
subject area and task transitions between agents in Fig. 3

D

t notifies |
| Agent of type 1 | > Agentoftyped
A A
detailing, p21 task settina N
v | notifies
| Ahento of type 2 !<
detailing, p32 task formalization p92
| Agent of type 3 I: E
A £
detailing, p43 project p93 £
\ 4 8_
| Agent of type 4 I: G
(5]
. A p9%4 =2
Errors in code, p54 code &
(@)
| Agent of type 5 I<
- A 95
detailing, p65 v conclusion P
| Agent of type 6 I:
] A 96
non-compliances v product
| Agent of type 7 |

C e O

Fig. 3. Application flow chart in the multi-agent model for development of enterprise information system
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Tasks to change the EIS arise in communication between agents of type 1 and type 2. After this, a task is
successively transferred by agents of type 2 to agents of type 3 and so forth. With certain non-zero probability
(p21, p32, p43, p54, p65, p76), it can return to agents at any of the previous stages. The information model of
inter-agent interaction looks like a backboard.

Agents independently choose tasks, based on their own preference function, while others are forcedly assigned to
performers by the agent of type 9 based on his/her preference function. Furthermore, the agent of type 9 may
block a possibility of independent allocation of tasks between some other agents of types 2-6. Any of the
abovementioned operations might happen with certain probabilities (p92, p93, p94, p95, p96).

It is possible to present a choice of the most suitable (‘profit-bearing”) employee as a process (to solve a task) in
the following formal way:

I = miin arg {m;’;\x(Sijn KS,, + (1— L, (t)) KL,, )} 9

where i is a unique identifier of a software developer; j is a unique identifier of a type of an application; k is a
unique priority identifier; n is a number of a service stage; S, ;, is experience of a developer with identifier i to
perform tasks with identifier j at stage number n; 1, () is a load of a developer with identifier i at moment of
time t at stage number n; ks, isa weight contributed by experience of an employee for a case of an application
with k priority at stage number n; ki, is a weight contributed be the load of the employee for the case of an
application with k priority at stage number n.

4. Results
4.1. Software for application of the multi-agent model

The most important result from the research is the developed multi-agent model, in which people apply the
considered simulation algorithms. See the diagram of classes within the developed model in Fig. 4.
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e T -------------------- o @ Task OO
| Program A |
i . =y I'a = Cl
ProblemOwner A ProjectManager A =
Class Class
—+ Persan -+ Persan = Metheods
@, Main() : void
= Fields = Fields
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= @ rnd:Random Model g
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* Properties : @, Hist) : Dictionary<double, double> I @ tasks: List<Task 0>
= Methods : @, Max() : double I @ types: string]]
@ DistrFunc() : deuble 1 2“ Min() : double I = Methods
@ EfficiencyFunc() : double : E_; 5tD0 : double | @  Medel()
@ Subject() 1 a V() :double ll @ Simulate() : void
i e e e -

Fig. 4. Diagram of classes in the multi-agent model for enterprise information system development

The ProblemOwner class performs functions of the VP-type agent. It is possible here to set tasks using the Create
method, perform the distribution function with regard to a number of tasks and preference function, DistrFunc
and EfficiencyFunc, respectively. The ProjectManager class makes it possible to implement functions of the 9-
type agent. It has its own preference function regarding a choice of a performer for a task (Equation 9) -
EfficiencyFunc, and the method that makes it possible to change performers of tasks - ChangeSubject. The
Subject class describes all the other C-type agents considered within the model. The Task_O class describes the O
object, i.e. the task that is to be solved. The StatCollector class is auxiliary used to gather statistics when the
model is in operation. The Model class provides a description of model parameters, as well as methods, with
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which we apply the simulation algorithm. The described multi-agent model was made using C# in MS Visual
Studio.

4.2. Software to apply the hybrid method of preference identification

There is the open access module at ws-dss.com for cloud computing. It contains the developed function that
makes it possible to apply the hybrid method of preference identification (Fig. 5).

[ ] [ =™ Web Services for Decision Sup X +

&« C @& https://ws-dss.com/persons/2/test_output?locale=en % O @ (2]
User: alex71321@yandex.ru  Pycckui | English

DSS
@ Jobs Models About the author ’ (g

Method

GFP

The method identifies the preferences of a decision maker. It consists in splitting the space of criteria into domains and determining the ratio of
preferences between them using qualitative methods of decision-making theory. If several non-dominant alternatives fall into one area, it is
recommended to use quantitative methods to compare alternatives within a given area. The function by which the final evaluation of the alternatives is
calculated is called the hybrid preference function. It can be used in selection, ranking and optimization tasks.

Example of input data:

{

“criteria_weight": [1,2,3],
“interval™: [true,true,truel,
"scale": [I[3,2,1,0],I3,2,1,0],I[3,2,1,
“criteria_values": [[1,1],[1,0],[1,1]
"full_trace": true,
"mk": [

[[el, [1], [2]],

[[2], [e], [e]]

ell,
1,

Back
Feedback © Copyright 2015 Vladimir Sudakov,
Release 1.1

Fig. 5. Hybrid preference function call interface

The authors has developed the system using open source software, which is a positive aspect (Paschali,
Ampatzoglou, Bibi, Chatzigeorgiou, & Stamelos, 2017; Olson, Johansson, & De Carvalho, 2018). Modules of
WS-DSS decision support system, as well as in the domain model, are independent agents. Thus, there is no
single framework in the system. Agents interact using an exchange of messages. The described and introduced
approach using agents independent of each other results in almost no communication between modules. This
significantly reduces labour costs for changes in the system and significantly improves its performance (Yatsalo,
Didenko, Gritsyuk, & Sullivan, 2015; Rodriguez-Padial, Marin, & Domingo, 2015).

In its development, authors considered that the enterprise information system is to cover all the aspects in the
enterprise’s life (procurement, production, sales, personnel management, etc.). In the overwhelming majority of
cases, each relevant aspect has an assigned employee in charge, who assigns tasks based on his/her distribution
function and preference. Besides, the model takes into account the factor of interaction in a team shown by chains
of transfers and returns of tasks between performers, as well as the ability of agents to choose tasks by their own
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preference functions. All the above mentioned suggest that the proposed multi-agent model adequately and fully
describes actual development and introduction of enterprise information systems.

Conclusion

In the research, authors developed the algorithmic decision-making support based on multi-agent simulation.
They also piloted the heuristic method intended for rationalization of the parameters that the model has. An
advantage of the developed multi-agent model compared to the models referred to by similar research, lies in high
level of details in the process of information system building (task setting, requirement review, development,
introduction, etc.) with due regard to personal preferences. Authors offered the hybrid method, with which it is
possible to identify preferences for a multi-criteria analysis of options for the multi-agent model of the
development process. It covers the expert's overall system of values in terms of high-dimensional criteria,
including both qualitative, and quantitative components. Developed software includes independent services that
interact with each other using network data transfer protocols, which makes it easy to adjust and enhance the
model to meet changing needs. Integration of methods for decision support and multi-agent simulation within a
shared system framework provides the synergistic effect in management of building and introduction of enterprise
information systems.
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