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INTRODUCTION

Designing the manufacturing processes and 
systems is a complex multi-level system influ-
enced by a large number of factors. Designing re-
quires a deep analysis of targets, ways of prepar-
ing and implementing complex and robust manu-
facturing systems, assessing the impact of impor-
tant factors, as well as integrating the knowledge 
of many branches of science and individual divi-
sions. The target of each design is to optimally 
reduce the design processes while keeping the re-
quired quality and minimizing costs. Particularly 
motivating is the need to focus on eliminating the 
work-in-progress, improving quality, shortening 
cycle times, increasing productivity, lowering 
costs, and so on. Innovations are interpreted as a 
set of realities that improve the physical, social, 
intellectual and other structures as well as respect 
their development, design, implementation and 
use. The technology-based innovation processes 
are understood as a complex of social and eco-
nomic structures depending on the scientific and 
technological progress, sales requirements and 
social level of a society.

Higher innovation targets, presented by 
modern production technologies and production 

systems, pose high demands on the design 
preparation. These demands can be satisfied 
only by adequate development of the design 
activities and their organization into productive 
information and knowledge systems ensuring 
the design quality.

Modern designing has to adapt quickly to the 
changing requirements for continuous product in-
novation, manageable variety of variants, meet-
ing unpredictable customer requirements, re-
duced product lifecycle, responding to significant 
sales fluctuations, and so on. Preparing the pro-
duction system for possible changes is no longer 
economically viable. The main principle of the 
production systems adaptability is the capability 
to allow for rapid adaptation of organization and 
technology at low investment costs.

Production system model and 
methodological procedures of designing

Designing modern facilities of mechanical 
engineering production based on the principles 
of customer manufacturing is currently affected 
by development of the market dynamics in all ar-
eas. The success of modern engineering produc-
tion strategies is based on the application of new 
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approaches and design methods. It is necessary to 
solve complex problems of project tasks of which 
the following is typical [1, 4]:
 • Scope and multiple options of the engineering 

and technical solutions.
 • High quality of the engineering and tech-

nical solutions and their graphical level of 
informativeness.

 • Shortening of the innovative and project 
cycles.

 • Reduction of the development and implemen-
tation costs.

The project tasks of designing new production 
can be successfully managed only by consistently 
applying the CAx systems throughout the project 
design solution chain, all the way to their practi-
cal implementation. Various modeling techniques 
and tools as well as optimization and simulation 
theories are used. The aim is to improve the real 
concept of the final model before its implemen-
tation. In addition to the general project meth-
odologies, special approaches to innovating the 
CIM-type systems, flexible production, custom-
er-oriented production, etc. are currently under 
development. From the computer support point 
of view, the greatest progress has been made in 
these modern methodological aspects of produc-
tion design. The basic design strategies are out-
lined below [2, 3]:
 • Linear.
 • Cyclical.
 • Furcated.
 • Adaptive.
 • Incremental.
 • Accidental.

The structure of the production systems in-
cludes the technological, handling and control 
subsystems. They have such a degree of versatil-
ity and flexibility and other parameters that result 
in an internal structure allowing for changing the 
technological and other functions of the products 
as required [10].

The production systems can be defined by the 
potential functions they might have in the imple-
mentation of technological processing, handling 
of object of productions, tools and preparations, 
and by the information processing functions. At 
the same time, specific technical subsystems and 
mutually interacting changes in these subsys-
tems can be defined. As the V(S) models, based 
strictly on the general theory of systems, often 

pose problems with interpretation, it is more ef-
ficient to start from a narrowed theory of techni-
cal systems [2].

The system definition V(S) is based on the 
theory of technical systems and the system of un-
derstanding the production processes. The core 
positions of the model stem from the solutions 
published in the original papers. The composi-
tional model V(S) (1) and the system characteris-
tics have been defined with V(S)) (2) as follows:

V(S) = O, T, Ω          

O = {O1, O2, .., Oa} 

T = {T1, T2, .., Tb} 

Ω = {Ω 1, Ω 2, .., Ω c} 

 

(1)

s (V(S)) = 〈 C, F, S          

C = {C1 , C2, Cd} 

F = {F1, F2, Fe } 

Ci = {Cis Cis Cit}  

 

(2)

where: O – set of operands Oi (object of produc-
tions) in V(S) on which the required trans-
formations are performed (transforma-
tion of the semi-finished into a finished 
product),

 T – a set of Tj operators executing trans-
formations on operands (active elements 
of the production system ensuring chang-
es in shape, properties, position, compo-
sition, etc.) and activities complementary 
to these changes (information processing, 
storage, etc.),

 Ω – set of transformation processes Ωk 
running in the V(S) −(technological, han-
dling, control and other processes)

 C – set of targets for which V(S) is created,
 F – set of behaviors, or of the manners of 

functional activity V(S),
 S – structure V(S) expressed by the set of 

internal links

The system model expressed in formal struc-
tures has its own specifics: 
1. Provides for a more comprehensive description 

of the production system elements. It includes 
describing the outgoing technical means, their 
interconnections, as well as: 
− The object of productions with the relevant 

attributes. 
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− The human factor, in particular as an in-
formation base carrier and a controlling 
element.

− The immediate surroundings of the system 
acting through inputs and outputs. It high-
lights the transformative nature of produc-
tion, not the production system itself, but 
also its activity, which is in line with the 
production process patterns. 

2. It highlights the objectives of production and 
the latter’s relationship with the wider environ-
ment, including the economic and social super-
structures of systems. 

3. The characteristics of the system behavior are 
expressed through the operational (manufac-
turing) procedures. 

Interpretation of the system model

The interpretation options of the system mod-
el are documented in Table 1, in which some typi-
cal system characteristics are classified.

The system procedure of creating the produc-
tion systems is illustrated in Figure 1. The system 
is created in the following four stages: 
1. Building a data and knowledge base needed 

for system creation and detailed analysis of the 
same.

2. Assembling a virtual model – system structure. 
3. Assembling a structural model – detailed proj-

ect documentation. 
4. Implementation in real production premises. 

In the model, the sequence of stages or sub-
stages of the creation process is symbolically ex-
pressed as is the feedback related to fine-tuning 
and changes to the solution as a gradual reduction 
of the level of abstraction [7, 8]. 

For the sequence of V(S) creation formulated 
in this way, the correspondence of the system 

model V(S) with the internal substages of virtual 
design V(S) can be expressed as follows: 
a) Entities 0i ∈ V(S) and entities Ci ∈ s(V(S)) corre-

spond to the design stage of goal determination 
or selecting an object of production. Upon more 
in-depth analysis, the questions may arise about 
the internal priority between setting the objec-
tives and selecting the objects of production.   
In conceptual applications, the starting goals 
are considered those that are the springboard for 
modernization of the existing production – the 
object of production. The system approach op-
erates with dualism of both entities. 

b) Entities Wj ∈ V(S) and Fj ∈ s(V(S)) correspond to 
the stage of designing operations and operating 
procedures of manufacturing systems. This as-
pect is fully compliant with the theory of pro-
duction processes. 

c) Entities Tj ∈ V(S) and Sg ∈ s(V(S)) correspond to 
the project activities of selecting production 
equipment, determining the spatial layout, and 
so on. 

These relationships create a framework ac-
cording to which various partial design methods 
V(S) can be integrated into the system concept and, 
at the same time, they uncover the areas unac-
counted for, covered by intuitive procedures in 
designing [5, 9]. 

The role of the virtual stage of designing is to 
determine the basic structural elements of the sys-
tem, their relations and functions, which in empir-
ical methodologies corresponds to the so-called 
conceptual solution (designing). The structural 
design stage addresses the detailed system speci-
fications up to the level of project documentation. 

The importance of designing target functions 
in production systems stems from their diversity 
and the changes required in product manufactur-
ing. The basic structuring of objectives stems 

Table 1. Classification of basic system characteristics 

Objectives Structure Behavior
Social
Reduction of risk
Improvement of quality
Social goals 

Robustness
Small
Medium
High

Operands
Sector membership
serial production, production batches
operand properties

Economic
Competitiveness
Cost minimization
Investment efficiency

Complexity
Simple (deterministic)
Complex (adaptive)
Intelligent

Operators
Technological, handling, controlling
Technological profile (machining, 
assembly, etc.)

Technical
Flexibility
Automation
Integration, etc.

Structural level
Module, cell, group
Line, operation, plant

Transformation processes
Operations – methods and structures
Concentration and differentiation
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from the possibility of integrating the production 
systems into higher system units. In the hierar-
chical understanding of the production processes, 
the systems of greater complexity are superior to 
the systems of lower complexity. Implementation 
of superiority in the descending order of social, 
economic, production and internal goals can be 
recommended in case of full adoption of new pro-
duction technologies and their implementation in 
practice. The priority of social goals can be orga-
nized as follows [2, 10]:
 • Retraining of the workforce.
 • Increasing leisure time and choice of working 

hours.
 • Ecological and other aspects.

The social goals linked to an individual are 
as follows:
 • Reducing the risk of accidents and the harmful 

impact of the working environment on human 
health.

 • Reducing the intensity of the physical and 
mental work.

 • Reducing the monotony and the amount of un-
attractive work.

 • Reducing the discomfort of the working envi-
ronment, and so on.

For general development of social orientation 
of production, it is important that the priority of 
the social goals and their quantitative assessment 
are not impaired in the stage of project prepara-
tion. In the context of systematization of econom-
ic objectives, in line with the current understand-
ing of efficiency, the following priority should be 
accepted [2, 11]:
 • Adding the product value necessitated by the 

increasing competition on the global market. 
This is achieved by shortening the innovative 
creation cycles and starting up new products, 
using new knowledge, customizing the prod-
uct to customer requirements through its mod-
ifications, short delivery times, and so on. 

 • Reduction of the production costs. In addition 
to the generally practiced labor cost reduction, 
the material, energy and information costs 
need to be reduced, too. Contradictions should 
be eliminated to a certain extent by introduc-
ing modern systems with higher economic ef-
ficiency of production.

 • Investment cost optimization. Optimizing this 
goal is essential because each manufacturer 
is limited by the investment resources at their 
disposal.

Fig. 1. Methodology of production system creation
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The analyses of targets at the level of produc-
tion systems are currently well outlined in terms 
of both scientific knowledge and design practice. 
Definition of production goals such as producibil-
ity, production process continuity, stability, reli-
ability, quality, etc. is known from the theory of 
the production processes, and – with some modi-
fications – they can be applied to the customer-
oriented production. The basic structure of pro-
duction goals in designing production systems is 
shown in Figure 2

More significant differences in technical ob-
jectives V(S) may be caused during the process of 
determining the level of flexibility and automa-
tion. The priority of elasticity V(S) arises from its 
relation to the competitiveness of the production 
demonstrated by manufacturing products accord-
ing to the customers’ requirements.

In order to comply with the mentioned sys-
tem’s model, the V(S) flexibility needs to be de-
fined as a target characteristic, which expresses 
the possibility of performing the desired transfor-
mations on a wide range of operands, changing 
the range of operands and transformations.

In terms of quality, flexibility may be evalu-
ated as a number of the operand variants and their 
transformations and the degree of the necessary 
influence (interference) from the environment to 
facilitate the transition from one variant to another. 
Detailed methodological procedures for the flexi-
bility assessment were elaborated in several papers 
of the parent workplace. The flexibility of a con-
dition may be interpreted by the ability of V(S) to 
change the production tasks by changing the tech-
nical operator parameters, programs, and so on.

Structural flexibility V(S) is related to the evo-
lution of the system through the qualitative dif-
ferentiation of functional operator capabilities 
and their interactions with new ones. It can be in-
terpreted as the ability to reconfigure the system 
while retaining its essence. The degree of difficul-
ty with which the environment intervenes in the 
condition or the V(S) structure upon the change in 
the range of operands can be evaluated as follows:
 • By means of the time it takes to move on to a 

new production task.
 • By the cost of reconfiguring the system.

The constraints of the manufacturing process 
are specified in the following groups:
 • Objects of production.
 • Technologies applied.
 • Surroundings.

The analysis of the constraints affecting the 
objects of manufacturing can be based on a pro-
gressive evaluation of the selection function:

 
(3)

where: R – decisive selection function,
 bi – i-th constraint of V(S ),
 R(bi)= 0 – V(S) lacks the assumption of 

meeting the bi constraint,
 R (bi)= 1 – V(S) is assumed to meet the 

bi constraint,
 n – number of constraints considered.

It holds that the objects of production are suit-
able for V(S) if each R(bi) = 1 when i = 1, … n. 
In practice, it is expedient to arrange the sets of 

Fig. 2. Structure of production goals in the production systems design
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constraints in such manner that the lower index 
restrictions have greater negative value R(bi) 
probability. The objects of production pose most 
frequent constraints.

The concept of the stated system allows for the 
incorporation and use of the previously developed 
design methodologies and procedures. The follow-
ing activities are important for production [2, 12]:
 • Profiling activities focused on the objects of 

production, production processes and produc-
tion system structures.

 • Methods and techniques for creating and op-
timizing the methods and structures of manu-
facturing operations.

 • Methods and techniques for the synthesis of 
production systems – general method struc-
tures, construction and modernization models, 
interface solutions, spatial problems solutions, 
material and information flows, etc..

 • Implementation procedures and knowledge 
from experimental activities, following the 
theoretical and knowledge base of the area un-
der study. 

Production workstations, systems and clusters 
are made up of a number of building elements and 
units of technological processing, operational and 
inter-operational handling and storage, control, in-
terconnection, and the like. At the same time, pro-
duction workstations, systems and clusters gener-
ally include the production units capable of execut-
ing a coherent part of the production process. 

Production systems can be grouped into more 
complex units (production department, operation, 
plant). Production systems can be grouped into 
higher aggregates only if the principle that the 
number of their mutual relations is greater than 
the number of relations of such a whole, is appli-
cable. The theory of clustering building elements 
and units of manufacturing workstations and sys-
tems leans on the principle of recurrent develop-
ment elaborated in systemology. The base level 
structure is homogeneous and is defined as an 
element. The next higher unit is made up of this 
element plus another element of the same or new 
quality. Thus, a complex, multi-level system can 
be gradually built this way. 

In production systems, elements are represent-
ed by the manufacturing technology. In produc-
tion systems, the elements represent the manufac-
turing equipment, replaced in the description by 
the character models depicting real-time functions 
situated in space. Moreover, these functions can 

be algorithmized and they give rise to organiza-
tional links. Figure 3 illustrates the application of 
the recurrent principle in the production systems.

Structural construction starts from an object 
of production having the primary position. It can 
be defined as an individual object or a group of 
objects clustered according to certain rules (group 
technology). By adding technological features, 
represented by the machine-preparation-tool sys-
tem, the opportunity to carry out the technologi-
cal process is created. 

Another level is created by adding the han-
dling functions. A material model may be repre-
sented by a machine-robot-product system, or a 
self-service machine the product. Another level 
in this hierarchy is achieved by adding the con-
trol functions to the technological processing and 
handling system.

Uses new methodological procedures 
and activity algorithms

In this way, a production module can be cre-
ated as a system having the structure and param-
eters of technological, handling and control com-
patibility. It allows for the creation of the produc-
tion systems with their own structure and param-
eters. An important aspect, however, is the system 
compatibility of the technological, handling and 
control devices. The construction model shape is 
that of a pyramid (Fig. 4). The design of produc-
tion workstations, systems and clusters, taking 
into account specific technical, organizational 
and economic conditions, uses new methodologi-
cal procedures and activity algorithms. In this 
process, valid regulations and classical design 
legislation must be adhered to, there are certain 
specific conditions, different methodological and 
algorithmic procedures. 

Fig. 3. Principle of recurrent genera-
tion of production systems
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From the content point of view, when design-
ing manufacturing workstations, systems and 
clusters, it is necessary to ensure the processing 
of a set of functions according to their technical 
specifications. 

These functions can be structured into the 
type modules of project activity – see Figure 5. 
The custom methodology for designing produc-
tion systems requires the following development 
techniques:
 • Developing the project model.
 • Setting the project objectives.
 • Creating a conceptual design.
 • Detailed design.
 • Creating a project implementation plan.
 • Solution implementation.

Standardization is therefore expected to over-
come a number of problems with the design, im-
plementation and operation of production systems 
and clusters. Particularly significant ones include:
 • Narrowing the choice of possible solution 

variants.
 • Achieving a higher degree of optimization due 

to application of already known solutions.

 • Ensuring a higher level of unification and 
stabilization.

 • Ensuring uniform project procedures.
 • Developing modularity in the building process 

and modularity in project solutions.
 • Creating preconditions for development of the 

automation of project procedures, and so on.

Design types of production workstations, sys-
tems and clusters are also a significant reference 
solution that is applicable to the given manufac-
turing conditions, bringing the benefits of elimi-
nating the design shortcomings, in particular in 
terms of cost, time of preparation and imple-
mentation or in terms of competitiveness. In the 
design and development of production worksta-
tions, systems and cluster design types, it is essen-
tial that the advanced design methods be applied. 
Currently, the crucial part is the computer sup-
port, i.e. the use of advanced programming and 
information systems. The development and use of 
professionally-focused application programming 
and information systems must be closely linked 
to the progress made in the standardization of ad-
vanced graphical systems.

Fig. 4. Pyramidal structure of the production system creation
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In addition, the principles of modular con-
struction should be fully accepted in the meth-
odological procedures of designing type-specific 
production workstations and systems. This is a 
highly effective development tool supported by 
several aspects. The main ones appear to be:
 • Design (proposal), enabling the computer op-

timization of the variants of the solution of 
professional tasks due to unification of meth-
odological procedures in modular construc-
tion and its own preparation;

 • Production-application, reducing the cost of 
developing application programs and increas-
ing efficiency owing to wider implementation 
possibilities;

 • Operational, leading to lower operating 
costs, modification and focus of application 
programs.

The type-specific production workstations, 
systems and cluster designs must be expressed 
in the design documentation in such a way as to 
ensure the technical feasibility of their imple-
mentation under the given conditions. There-
fore, it is necessary to consider the clarity of 
the solution and its information completeness as 

an important factor in the design of the project 
documentation. 

It is also necessary to take into account the 
relevant legislative constraints in the design meth-
odologies as well as in the project documentation. 

The philosophy of innovative, varied, and 
interactive designing is based on the assumption 
that the production system solution takes place in 
three stages:
 • An initial set of variants of the production sys-

tem solution is proposed in accordance with 
the agreed objectives. Various methods for 
determining the solution variants (analytical, 
morphological, hierarchical generation, use of 
reference solutions, etc.) can be used. For less 
complex tasks, intuitive ways of variant gen-
eration, based on the reference type-specific 
patterns, can be used. 

 • Feasible solutions are defined. Inappropriate 
variants of the production system solution are 
excluded, either based on the intuitive or logi-
cal and mathematical methods. 

 • The optimal variant of the production sys-
tem solution is chosen in the final stage. The 
decision-making methods, or optimization 

Fig. 5. Main types of activities in production system designing
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criteria are applied. The optimal variant can be 
obtained as a result of comparative methods 
(reference projects), based on the simulation 
activity, etc.

The principle of variant designing of produc-
tion systems is shown in Figure 6.

The choice of an optimal concept for the solu-
tion of the spatial structure of the production sys-
tem is proposed based on the application of the 
methodological methods of production segmen-
tation. Segmentation is a form of application of 
group principles to production, and in particular, 
it enables the execution of progressive cellular 
structures of the production systems. Segmenta-
tion can be accomplished in two basic ways:
 • Vertically, vertical segmentation is based on 

individual types of the products manufactured.
 • Horizontal way is to form segments hori-

zontally within the vertical segments, i.e. the 
number of steps in the production process is 
reduced and so is the product complexity.

CONCLUSION

Designing the manufacturing processes and 
systems is a complex multi-level system influ-
enced by a large number of factors. Designing 
requires a deep analysis of targets, ways of pre-
paring and implementing complex and robust 

manufacturing systems, assessing the impact of 
important factors, and integrating the knowledge 
of many branches of science and individual divi-
sions. The target of each design is to optimally 
reduce the design processes while keeping the re-
quired quality and minimizing costs. Particularly 
motivating is the need to focus on eliminating the 
work-in-progress, improving quality, shortening 
cycle times, increasing productivity, lowering 
costs, and so on. Innovations are interpreted as a 
set of realities that improve the physical, social, 
intellectual and other structures as well as respect 
their development, design, implementation and 
use. The technology-based innovation processes 
are understood as a complex of social and eco-
nomic structures depending on scientific and 
technological progress, sales requirements and 
social level of a society. 

Higher innovation targets, presented by 
modern production technologies and production 
systems, pose high demands on design prepara-
tion. These demands can be satisfied only by the 
adequate development of the design activities as 
well as their organization into the productive in-
formation and knowledge systems ensuring the 
required design quality. 

Modern designing has to adapt quickly to the 
changing requirements for continuous product in-
novation, manageable variety of variants, meeting 
unpredictable customer requirements, reduced 
product lifecycle, responding to significant sales 

Fig. 6. Principle of Variant Designing of Production Systems
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fluctuations, and so on. Preparing the production 
system for the possible changes is no longer eco-
nomically viable. The main principle of the pro-
duction systems adaptability is the capability to 
allow for rapid adaptation of an organization and 
technology at low investment costs. 
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