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exceeds the nomenclature of the manufactured goods considerably. Therefore, for modern
enterprises, first-priority issues are harmonizing the processes of tool provisioning systems,
increasing the level of the reaction of this system to changes, obtaining operational control
over the production system, and, thus, improving the efficiency of the production process.
In this paper, a mathematical model of decision-making based on determining the optimal
strategy for the process flow was proposed to improve the efficiency of the information
system for quality management of tool provisioning. It is suggested to use the sustainable
development factor of information system for quality management of tool provisioning to
make decisions about the path of the tooling process, which considers the requirements of
international standards for management systems (ISO 9001, ISO 45001, etc.). This model
is based on the application of graph optimization theory, fuzzy logic, and Markov chains.
The use of this model is universal and will increase the validity of operational management
decisions, increase productivity, reduce resource dependency, and, therefore, reduce the
costs of tool provisioning, which directly affects the cost of production and competitiveness
of the enterprise as a whole.
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Introduction

Modern production corresponds to the multi-
product conditions. The production planning under
these conditions has certain features, which depend
not only on the width of the workpiece and the batch
size but also on the production conditions [1, 2].
Tool Provisioning (TP) of a multiproduct machine-
building enterprise is a set of interrelated process-
es. Their purpose is to provide primary production
with a quality tool and equipment exactly in time
[3]. The quality of TP processes has a significant im-
pact not only on the efficiency of the leading prod-
ucts but also on the competitiveness of the enter-
prise as a whole [4]. Many components ensure pro-

duction efficiency, in particular the level of perfec-
tion of tooling and technological equipment [5–8],
advanced materials and coatings [9, 10], the ener-
gy efficiency of implemented processes and their lo-
gistical connections [11, 12], the system of quality
indicators [13], the level of automation of process-
es and systems to support the life cycle of products
[14–16].

One of the main ways of improving the quality of
TP is the introduction of modern information tech-
nologies, for example, AutoTAS, TIM LEITZ, eTMS
Tadcon, GTMS, etc. The use of the “Tool Manage-
ment” approach [17–19] is the foundation for effective
management. Still, the issue of information systems
(hereinafter referred to as IS) is assigned a minor
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role that does not entirely mirror the significance of
the interactions between the management levels. As
a rule, the tool (equipment) in these systems act on-
ly as a resource for enabling a specific production
task; it is not considered as an object of control in
the manufacturing process.

In order to effectively manage the TP process,
it is essential to develop, implement, and maintain

a TP quality management system. The general mo-
del of the information management system of TP
[20] was developed according to the requirements of
ISO 9001: 2015 (Fig. 1a). It integrates tool lifecy-
cle and tooling processes, TP resource management,
measurement, analysis, and improvement (both at
the tactical and operational levels) in a single infor-
mation space.

a)

b)

Fig. 1. A general model of the information system of tool provisioning management (a) and conceptual model of the
system of TP management in the conditions of application of information technologies (b).
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At the same time, the issue of development and
implementation of the TP enterprise management
system with applying the process approach to in-
crease the efficiency of tooling is relevant for the
modern multiproduct industrial enterprises, especial-
ly at the machine-building branch [21]. The con-
ceptual model of the information system for quali-
ty management of tool provisioning (IS TP) consists
of three interdependent models of process-based TP
sub-systems: organizational, information, and quali-
ty management (Fig. 1b) [20].

In addition to the creation and implementation
of management systems for various activities (quali-
ty management systems, environmental management
systems, etc.), it is essential to develop a system
of technical and economic indicators (hereinafter re-
ferred to as TEI) specifically for IS TP [20]. The TEI
system supports presenting, concretizing, and realiz-
ing the life cycle of the tool, equipment and tool-
ing (hereinafter – TE). It provides opportunities to
show clearly the real picture and further prospects
of IS TP development; evaluate its effectiveness and
efficiency; identify the interconnections and interac-
tions of the various factors of technology and econo-
my that affect it; determine the reserves of tool pro-
duction and equipment; elaborate measures to ratio-
nalize the use of maintenance and resources for their
production, etc.

The information provided on the TEI system for
IS TP is the basis for making strategically impor-
tant quality decisions. At the same time, this in-
formation should have an orderly, comprehensible,
and convenient look for the decision-maker. Partic-
ularly noteworthy is the selection of the most ap-
propriate method for analyzing and evaluating the
TEI system for IS TP due to the specified goal, the
type, accuracy, and timeliness of the source informa-
tion.

Therefore, the paper aims to introduce a math-
ematical model of making rational decisions, based
on the application of the coefficient of its sustain-
able development, to increase the efficiency of the
information system for managing the quality of tool
provisioning

Research methodology

One of the ways to solve the problem of analyzing
and evaluating TEI IS TP is to create a mathemat-
ical model regarding the decision making on the TP
for a machine-building enterprise. The model should
be grounded in the system a process and approach
with ensuring compliance with the principle of in-

ternational standards of the 9000 series ISO – “fact-
based decision making”.

The decision-making process implementation is
based on the following recommendations: definition
of the goals and objectives for IS TP; consideration
of issues related not only to the acquisition of quali-
tative TE, but also to other IS TP processes; orienta-
tion to the requirements of the primary production;
determination of all necessary TEI that will provide
a rational life cycle of TE; establishment of the target
function and decision-making based on the definition
of the stable branch of the TE LC.

A mathematical model for determining a ratio-
nal TP strategy is proposed to meet the above re-
quirements with applying the algorithm presented
in Fig. 2. The model is based on the application of
graph optimization method and Markov chain theo-
ry. It should be mentioned that the developed model
allows choosing a rational TP strategy but does not
exclude the possibility of making the final decision
by the decision-maker.

In unit 1 of the model implementation algorithm,
a database needed to build the model is formed, as
well as an analysis of the states of IS TP process-
es. Although modern information systems also allow
for the processing of information of large enough vol-
umes quickly, at the same time, in order to reduce
the time to make a rational decision, it is necessary
to try to reduce the data sets.

The requirement to display a complete outline of
IS TP processes can lead to very detailed informa-
tion, which may not be very valuable. Moreover, it
will significantly increase the time of processing, sys-
tematizing etc. Most of these systems may not be
sufficient, so the IS TP management model must be
aggregated. Aggregation refers to the replacement of
the process sets a description with a process descrip-
tion that reflects the content of the process set being
replaced and includes the essential characteristics of
the set.

One of the major advantages of modern informa-
tion systems is the suppling of a single information
space, which greatly facilitates the exchange of in-
formation and the collection of necessary data. Also,
control systems based on the principles of CALS-
technologies allow the creation of relatively large ar-
rays of output data in the shortest possible time.
The baseline data for making a rational decision
about IS TP processes are as follows: the planned
costs of IS TP maintenance and quality management
(based on the use of forecasting methods) and com-
plex TEI IS TP (presented in points) [22]; the esti-
mated time of execution of IS TP processes, and also
the matrix of transitions of states of IS TP processes.
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Fig. 2. Algorithm for implementation of a mathematical model for decision making in the information system
of quality management of tool production provisioning.

Unit 3 implements the proposed procedure for
determining the “cost/time” priority for the config-
uration of a new or modernization of an existing TE,
the use of a combined TE, etc. by the decision-maker.

It was found on the analysis of the activities of do-
mestic and foreign machine-building enterprises that
decision-making regarding TP is typically based on
the fulfilment of the two most common conditions:
1) the implementation of activities with the lowest

costs (the most common condition); 2) the execution
time minimization of the set tasks for TP. Following
the obtained results, it is proposed to include split
of the decision-making process model, regarding the
choice of a rational strategy for TP, into two separate
units, presented in the form of units 3 and 4 (Fig. 2).

Unit 3 corresponds to the strategy of implement-
ing activities with minimal cost while providing the
required level of TEI for IS TP; in other words – im-
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plementing the strategy of sustainable development
of IS TP. Usually, the process of production planning
is well-established in enterprises, so the schedule of
providing TE of appropriate workplaces is already
known in advance. In this case, the time function in
the implementation of the TP is a priority and is
restrictive.

In general, sustainable development is a concept
of managed development that combines three compo-
nents: economic, environmental, and social [23, 24].
All three elements must be considered in a balanced
manner, so the main task is their coordination. Sug-
gested Optimization Target Function – IS TP Sus-
tainability Function (Kst):

Kst=Q ·
m∑
j=1

6

√(
Bb

Bj

)γ1
·Kγ2

oj ·K
γ3
mj ·K

γ4
qj ·K

γ5
ej ·K

γ6
sj →min,

(1)

where Q is the quality index of the IS TP process;
Bb – the baseline cost indicator for IS TP process-
es; j – IS TP process number; m – the number of
IS TP processes; Bj – the cost of process quality;
Ko, Km, Kq, Ke, Ks – respectively organizational-
technical, production, process quality of IS TP, envi-
ronmental, and socially integrated TEI calculated for
each IS TP lifecycle; γ1 − γ6 – weight coefficients of
complex TEI, respectively: organizational-technical,
production, process quality of IS TP, environmental,
and social.

The use of the IS TP Process Quality Score elim-
inates a path whose process quality does not meet
the requirements of the decision-maker. If the quali-
ty level of the IS TP process meets the requirements,
then Qq = 1 , if doesn’t, Qq = 0 .

Costs for the quality of IS TP processes are deter-
mined separately for a particular enterprise, taking
into account its technical and economic status and
other economic factors. Also, depending on the time
at which quality costs are determined, they can be
estimated or calculated.

It should also be noted that the cost of the pro-
cess lifecycle of TE is taken to the corresponding unit
of TE, i.e., the planned cost of the quality of the pro-
cesses IS TP B is calculated by the formula:

B =

m∑
i=1

(Bpi +Byi)

KTO
, (2)

where Bpi – planned costs for quality assurance of
the IS TP process; Byi – planned costs for manag-
ing the quality of the IS TP process; m – the num-
ber of cost articles on the quality of the IS TP pro-
cess; KTO – the number of those TE for which the
decision-making process regarding the LC process is
underway.

It should be noted that due to the implementa-
tion of IS TP, there are processes at the tactical level
that incur costs with a negative value, and the oppo-
site at the operational level. For example, the pro-
cess of refinishing a toll or repairing entails addi-
tional costs for quality, while increasing the num-
ber of refinements increases the value of the tool as
it extends the payback period of the costs involved
in making or acquiring the TE (tool) by extending
its service life. Therefore, for the TP operational le-
vel, it is suggested to attribute the cost of TP pro-
cesses quality to the number of repairs or overhauls,
i.e., it is suggested to use relative quality indica-
tors.

It is proposed to determine the coefficients of the
weight of complex TEIs using an expert approach for
a specific enterprise.

The limiting conditions when performing unit 3
are (a) the possibility of supplying TE for the main
production at the determined time:

n∑
j=1

tj ≤ T, (3)

where tj – the time of performance of the j-th pro-
cess; T – the total time for TE of the main produc-
tion; (b) fulfillment of the requirements of quality by
all coefficients [6]:

6∑
k=1

γj = 1. (4)

In unit 4, a strategy is implemented to minimize
the execution time of tasks set in IS TP. It is ex-
plained by the occurrence of a situation when the
time for supplying TE to workplaces is limited due
to the launch of an unplanned party or neglect of fac-
tors that may affect the availability of the necessary
TE in the reserve stock. In this case, a strategy is
chosen where the rigid timeframes set will not cause
the overhead or dramatic deterioration of the TEI of
the main production.

When executing this strategy, the purpose of the
decision-making function is to optimize the execution
time of the relevant TP processes:

n∑
j=1

tj = T → min . (5)

In this case, the limiting conditions will be as follows:

Kcm → min and
6∑
k=1

γj = 1. (6)

Unit 5 provides a calculation of the probabili-
ty of implementing the chosen strategy by apply-
ing the theory of Markov chains [25] If the value of
the calculated probability is less than the level that
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satisfies the decision-maker, then alternative strate-
gies for the flow of IS TP processes should be consi-
dered.

In unit 6, based on the information received from
units 3, 4, and 5, the decision-maker chooses the most
rational strategy for the development of IS TP pro-
cesses.

Results

The proposed algorithm of rational decision-
making in IS TP was implemented for the exam-
ple of the IS TP tactical level processes. As a case,
a rational decision was made to provide the cutters
with machining details of the Shaft 1.3910-650.10-
02. The following options were considered: “to buy
10 tools”, “to use 10 tools available”, “to make 10
tools”, “to upgrade 10 tools” and “to make 10 tools
out of stock”. The limiting condition was “time”.
Accordingly, unit 3 of the algorithm of the decision
model in IS TP was executed (Fig. 2).

According to the first stage of the proposed algo-
rithm, a graph of the tactical level processes states
of the IS TP is constructed (Fig. 3).

According to the graph, the decision “to buy 10
tools” fits the route 1-4-11-14-15-22-23, decision “to
use 10 tools available” – route 1-3-15-22-23, “to make
10 tools” – route 1-2-5-8-9-15-22-23, “to upgrade 10
tools” – route 1-2-6-10-13-15-22-23 and “to make 10
tools out of stock” – route 1-2-7-10-13-15-22-23.

The estimation of TEI predicted values in IS TP,
the calculation of complex TEI for IS TP, and the
coefficient of sustainable development of IS TP pro-
cesses were performed using Microsoft Excel.

The values of TEI (Fig. 4) and the cost of quality
of IS TP processes (Fig. 5) were found using forecast-
ing methods. It should be noted that in Fig. 4 the
values of TEI are translated into points according to
the rating scales that are proposed to be developed
for a particular enterprise by applying the methods
of fuzzy logic [8].

As can be seen from Figs 4 and 5, the file has
seven attachments, the first (basic) – to calculate the
coefficient of sustainable development of IS TP tac-
tical processes, the second – to calculate the cost of
quality of IS TP processes, the other five – to cal-
culate complex TEI social, organizational, quality,
production, and environmental groups.

Fig. 3. A graph of the tactical level processes states
of the IS TP.

Fig. 4. Organizing information on TEI values for IS TP tactical processes.
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Fig. 5. Sustainability factor calculation for IS TP tactical processes.

The calculations confirmed that for the case
study under consideration, the rational solution
would be “to use the 10 tools available”.

Conclusions

Under current global market conditions, ensur-
ing the competitiveness of machine-building multi-
product manufacturing-oriented enterprises requires
the introduction of information technologies to sup-
port production processes more efficiently oriented.
The traditional provisioning-tool management soft-
ware considers machine tools only as a resource,
without the complex context of their use in flexi-
ble manufacturing systems. The presented new ap-
proach based on introducing a system of technical
and economic indicators TEI to decisions-making on
tool-provisioning strategy allows to evaluate TP ef-
fectiveness and efficiency; identify the interconnec-
tions and interactions of the various factors of tech-
nology and economy that affect it; determine the re-
serves of tool production and equipment; elaborate
measures to rationalize the use of TE and resources
for its production, etc.

To solve the problem of analyzing and evalu-
ating the TEI system for IS TP, a mathematical
model regarding the decision making on the TP of
a machine-building enterprise was developed. The
model is based on the definition of a rational strat-
egy for the flow of IS TP processes of the engineer-
ing company and the use of optimization theories on
graphs and Markov chains.

This model significantly simplifies the informa-
tion dissemination process and increases the va-
lidity of operational management decisions; mini-
mizes IS TP costs and increases IS TP efficiency
by 13%.

For the first time, it was suggested to use the
IS TP Sustainable Development Factor for decision
making regarding the rational route of TP processes,
which takes into account the requirements of interna-
tional standards for management systems (ISO 9001,
ISO 45001, etc.) and allows to increase the level of
validity of the decisions made.

In the future, it is planned to improve the func-
tionality of the software integrated into the enter-
prise’s IS TP, which will allow the use of information
from databases in automatic mode.
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