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1. Introduction

Enterprise-environment relations and disorders
in the work process, bearing in mind their accidental
character, have lead to a situation in which industrial
system structures - enterprises develop in the following
conditions:

e uncertainty of the environment and lack of knowledge
about the characteristics of enterprise-environment
relation

» frequent changes in the development of technologies
and in the behaviour of the employees

e changes in the approach to organization, from
mechanistic -based on the principle of division of
labour and management suitable in cases of specified
work conditions, to organic-based on the principle of
functioning of the living beings and on management
based on feedback, which is suitable when work
conditions are not specified.

The relations in the production programme of
enterprises [72] determine the basic types of production
structures which are presented as Types I-IV in Figure 1.

Original scientific paper

The aim of this paper is to contribute to the development of procedures for
the design of effective production structures of an enterprise. In order to do
this, the paper focuses on two main aspects. Firstly, the paper considers the
possibilities of making production structures more manageable by means of
lowering the degree of complexity of those structures. Secondly, the focus is on
ways of enabling those structures to adapt to changes in the environment, i.e.
on flexibility. Complexity of a production structure is a characteristic defined
by the number of structural elements and their interdependence. Flexibility of
production structures is observed through three components: technological
component, capacity component and flexibility of flows.

Odnos izmedu sloZenosti i fleksibilnosti proizvodnih struktura

Izvornoznanstveni ¢lanak

Cilj ¢lanka je prilog razvoju postupaka za dizajniranje efektivnih proizvodnih
struktura poduzeca. U tom smislu ¢lnak se fokusira na dva bitna aspekta:
prvi je razmatranje mogucnosti uspostavljanja proizvodnih struktura visoke
pogodnosti upravljanja putem snizenja stupnja njihove slozenosti, a drugi je
dizajniranje proizvodnih struktura osposobljenih za prilagodavanje promjenama
u okolini, odnosno za potrebnu i dovoljnu fleksibilnost. Slozenost proizvodnih
struktura se definiSe putem broja elemenata strukture i njihovom medusobnom
uslovljenoséu, dok se fleksibilnost proizvodnih struktura razmatra u svjetlu tri
komponente: tehnoloske komponente, kapacitivne komponente i fleksibilnosti
proizvodnih tokova.
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Figure 1. The relations in the production programme of an
enterprise

Slika 1. Odnosi u programu proizvodnje preduzeca

They have the following characteristics:

e Type I: The field of slow technologies and
technological and production structures of common
character

e Type II: The field of technological and production
structures of universal character

e Type III: The field of technological and production
structures of productive character
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Symbols/Oznake
p - production program structure
- struktura programa proizvodnje

q - product quantuty, komada
- koli¢ina proizvoda, pieces

i - production phase
- faza (operacija) procesa

m - number of production phases (operations)
- broj faza (operacija) procesa

i - observed structure's element
- posmatrani elemenat proizvodne strukture

WU - working unit
- radna jedinica
K - degree of complexity of production structure
- stupanj slozenosti proizvodne strukture
n - loading (utilization) degree
- stupanj iskoris¢enja
k - structure parameter (characteristic)
- parametar (karakteristika) strukture
K, - capacity of the structure's element

- kapacitet elementa proizvodne strukture

Jfy - degree of technological flexibility
- stupanj tehnoloske fleksibilnosti

J. - degree of capacity flexibility
- stupanj kapacitivne fleksibilnosti

fp - degree of flows flexibility
- stupanj fleksibilnosti tokova

R, - average capacity reserve
- prosjecna rezerva kapaciteta

x_ - work object parameter - upper limit, mm
- karakteristika predmeta rada - gornja granica

x, - work object parameter - lower limit, mm
- karakteristika predmeta rada - donja granica

a

P, - probability on the upper limit of the object parameter
- verovatnoca na gornjoj granici parametra strukture

P, - probability on the lower limit of the object parameter
- verovatnoca na gornjoj granici parametra strukture

i - expected value of the work object parameter, mm
- o¢ekivana vrijednost karakteristike predmeta rada

o - standard deviation of the work object parameter, mm
- standardna devijacija karakteristike predmeta rada

e Type IV: The field of fast technologies and
technological and production structures of purposeful
character

The presented relations and tendencies in the
development of production, organizational and
management structures of enterprises increase the
requirements concerning the characteristics of those
structures. These requirements are presented in Fig. 2
and are reflected in:

* the need to achieve a high degree of integration
of material, energy and information flows on the
one hand, and of the functions of an enterprise on
the other, for the purpose of developing the most
suitable procedures of production, organization and
management

* the tendency of constant increase in the complexity
of elements and structures of an enterprise, expressed
in the function of the characteristics of production
programmes; changes in the work process

» therequirements to free the potential of employees by
enriching the content of work and removing people
from work that is mentally and physically strenuous
and dangerous -automatization of the work process
[65, 72, 74].

In the earlier researches on production structures [65-
66, 72-73], the basis for the development of effective
enterprises was formed. The idea of this basis (Figure 2)
is: change of the flow and structure designing approach
- from process to product. The result of the mentioned

changes inthe approach s the creation of the Working Unit,
the basic module of an effective enterprise - designated
as WU in Figure 2. Working Unit is defined as part of
the production structure of an enterprise capable to carry
out a certain task which is part of the work programme,
should conditions of adequate space, equipment and the
required structure of employees be met.

Working Unit has the following characteristics:

* it is independent of the other parts of the system’s
structure concerning the human resources and
technical capacity,

e it is responsible for completion of programme part,
concerning the amount, quality and deadlines and

e itis suitable for process automation.

Specific researches have indicated the importance
of one basic characteristic of production structures -
flexibility, the value of which should be on the satisfactory
level.

2. Enterprises Complexity and Flexibility:
A brief literature review

2.1. A Complexity

Earlier researches into complexity of production
systems are characterized by different ways of looking at
complexity and can be divided into four groups:
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b) Group Approach to Flows Designing / Grupni prilaz u oblikovanju tokova
Figure 2. The basic changes in approaches to production
structures designing

Slika 2. Promene prilaza u oblikovanju proizvodnih struktura

1. Theoretical views of production systems complexity

The most recent theoretical views on the complexity
of production structures are primarily based on the
general principles of the systems theory and mathematical
modelling of a system’s structure in general sense.

Methods of non-linear dynamics and simulation
techniques are used in order to answer the questions of
the amount and quality of data required for the analysis
of a system’s structure [1]. There have also been attempts
to reduce the chaos and miscellany that cause dynamic
changes and behaviours in a system to the simple model
of a production system that enables its stability [2].
Finally, complexity of a production system’s structure is a
key characteristics in the approaches which introduce the
concepts of knowledge management and organizational
learning [3].

2. Measuring the complexity of production systems

Theoretical models have already pointed to the need
to measure the complexity of production systems.

Such a need is particularly significant in practical
approaches which use the complexity of production
systems in designing and managing their processes.

There is a connection between the complexity of
a system and the system’s performances, and in the
measuring methods, the following criteria are used most
frequently: the number of elements in a structure, costs,
manageability [4]. The systems of designating structural

components lead to the concept of structural complexity.
This concept introduces into the way of its measuring
the interdependence between components and a variety
of information that they exchange between one another
[5-6]. There is also an interesting aspect that considers
the so-called management complexity [7], but only in the
case of industrial co-operation of systems from different
lines of business, i.e. on the level of complex socio-
technical systems.

3. Decreasing the complexity of production systems

The need for decreasing the complexity of production
systems has been widely acknowledged. Hypothetical
lean models are not applicable.

Apractical approach is being sought that would enable
the transition from highly complex production systems
to small scale systems (lean factory). Case studies have
mostly used analysis models based on frameworks [8].
The need for decreasing the complexity of a production
structure is particularly evident when solving problems
of planning and work distribution in the systems with
a high product variety. In most of the case studies this
problem has not been adequately solved [9].

4. The effect of complexity on effectiveness

Lately, complexity has been observed as a key
characteristic that determines the quality of production
systems. There have been investigations into the effect
of complexity of production systems on the character
of production flows, organization of an enterprise,
management actions, information support and total
effectiveness of business.

Apart from technical-technological components,
social components such as the role in organizing,
personal motives, experience and identity are also taken
into consideration. These additionally increase the
complexity of the process of establishing an effective
organization [10]. Conceptual approaches concerning
the complexity of production systems are directed to the
level of determining the complexity of the organization-
enterprise as a whole [11]. Special attention is given to
case studies which include: the structure of the so-called
virtual enterprises and managing an enterprise which
is not based on hierarchical organizational structure
[12]. The complexity of management procedures and
appropriate management methods (ERP, MRP, JIT...) are
also related to the complexity of the object that is being
managed - the production system and its performances
[13], [14], [60].

2.2. Flexibility

1. Theoretical considerations of flexibility

In recent literature, the theoretical views of
flexibility of production systems deal with defining
the term flexibility in a broad sense, and with the ideas
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of measuring flexibility. There is a whole variety of
approaches and opinions of various authors, depending
on the fact whether flexibility as a characteristic of a
system is observed from technical, economic, managerial
or some other point of view.

There are classifications of different terms that are
connected with flexibility in production, the development
of appropriate structural divisions and schemes, as well
as efforts to determine the measure of different types
of flexibility [15-16, 34-39, 58]. Different aspects of
flexibility have created a gap between theoretical ideas
and the possibilities of their application.

This gap causes the need for integration of the
theoretical and practical views of production systems
flexibility, especially concerning the advantages of
measuring flexibility [17-19, 40-50].

2. Considerations of flexibility in terms of capacity

Both in theoretical and practical considerations,
flexibility is most commonly observed from the angle
of capacity of parts of a system’s structure and system
as a whole, i.e. their ability to adapt to changes in the
requirements of the market concerning the amount of
product and services.

The criteria used to measure flexibility in the sense
of capacity are : the duration of the stages of a process,
the degree of utilization of a workplace or machines,
and the capacity of storage facilities of the production
system. The duration of stages is seen as the criterion of
the minimum, the degree of utilization of a workplace
or machines as a limiting criterion, and the capacity of
storage facilities as necessary ballast. The influences of
the degree of utilization of the capacity and capacity
reserves are also included so that the requirements of the
market could be accepted in the set deadlines [20-21].

From the angle of the capacity of the elements of a
system and the system as a whole, special attention is
given to the procedures of designing production systems.
The problem with determining the size of production
capacities is ever more based on the estimates of future
needs rather than on the simple calculations determined
by an exact project task. This view pushes the simple
criterion of load (as well as utilization) in the background
and puts the future requirements of customers in the
foreground. Efforts are being made to develop and apply
simulation procedures, with the aim of designing an
optimum flexibility value concerning capacity [22-24].

3. Considerations of technological flexibility of
production systems and “flexible automatization”

Technological aspect of flexibility is probably the
most exploited one in production. Numerous solutions
connected to this aspect of flexibility are more the result of
engineering solutions to practical problems which concern
designing elements of production structures according to
the exact task, and less the result of observing this aspect

of flexibility on the level of production function of an
enterprise.

Individual case studies and solutions that provide
a satisfactory level of flexibility of a certain machine,
production cell and their elements are the subject of
special analysis that focuses on the problems of designing
and automatization of production processes. Efforts
to design flexible parts of a system can be thus seen
as a necessary condition for providing flexibility of a
production system as a whole. However, the problems of
planning and terminating the work process of production
systems have lead to integrative solutions such as flexible
manufacturing systems (FMS).

Those solutions are based on a high flexibility degree
of parts of the system, but also of the support systems
such as systems of material management, systems of
tools provision and systems of information-control
support [25-26].

In the end, the technical aspect of flexibility of a
production system is nowadays observed as integrating
material flows and control procedures [27, 51-54].

4. Considerations of the flexibility of flows of production
systems

Flexibility has a much greater scope than just
observing the capacity reserves and technical possibilities
of parts of the structure of a production system. It includes
observing the interdependence between elements of
the structure which is mainly influenced by the flows
of materials in a system. What is more, the relations
between the production system and the market also have
to be included, in the light of the dynamics of changes in
the requirements of the consumers.

Production flexibility is seen as a key strategy whose
task is improving sensitivity in the conditions of uncertain
future requirements for products. The developed
flexibility principles are being applied in the process of
designing production flows and structures of production
systems [28], and models for the lay-out of workplaces
in the production system on the basis of flexibility [29],
[30].

2.3. Complexity and flexibility relationship

The earlier researches into the characteristics of
complexity and flexibility of production systems were
carried out separately, as it can be seen in the available
literature.

Although there are efforts on part of a large number of
experts to explore these characteristics both theoretically
and practically, the situations in which these are directly
connected are rare. Experience in designing, organizing
and managing production systems and enterprises as
wholes shows, however, that such a connection between
complexity and flexibility exists [60-64]. This paper
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also shows [59, 78] the existence of a direct connection
between complexity and flexibility and this connection is
inversely proportional.

In literature, there are certain hints that suggest the
existence of this connection but they are mentioned only
indirectly. That is how concepts such as complexity of
technologies and complexity of enterprise-environment
relation are introduced into the basic framework of the
theory of flexibility and models of analysis [31, 55-56].

Apart from flexibility, the key to success of an
enterprise is the need to pay attention to the robustness,
agility and adaptability during the whole life cycle of a
system which at the same time affects its complexity.
The mentioned characteristics are, in the conditions of
frequent changes in the environment, used as criteria in
designing the basic architecture of a production system
with an appropriate degree of complexity [32-33, 55-
57].

3. Production Structures Complexity
3.1. A Definition

The measure of complexity of the structure of
industrial systems - enterprises, defined as the degree of
complexity, or variety, is extremely important.

In accordance with the principle of the minimum
necessary in the development procedures of production,
organizational and management structures of a system,
the complexity of the observed part of the structure
represents: the measure of interdependence between
the observed part of the structure and its other parts,
the ground for the elements simplification, a connection
between elements and the structure as a whole, and
the ground for comparison with structures of similar
characteristics. Complexity is also a measure of quality
of the design of an enterprise’s structures [58].

The degree of complexity of industrial system
structures is determined by the characteristics and the
number of structural elements, the position of elements
in the structure and the relations between the elements
of the structure. Therefore, it is one of the basic general
characteristics of industrial systems - enterprises.

In accordance with the character of flows in a system
(material, energy and information) and of the structures
of a system (production, organizational, management),
complexity, as a general characteristic ofan enterprise, can
be measured by the degree of complexity of production
structures, the degree of complexity of organizational
structures and the degree of complexity of management
structures of an enterprise [76].

The project of production structures of an industrial
system basically defines the static structure. Production
function is only made possible as the result of harmony

between other functions of an enterprise (determined
by the project of organizational structures) to which
control procedures (determined by the project of control
structures) are applied. The project is used to determine
the characteristics and the number of elements of a
structure (based on the elaboration of work procedures
and calculations), to determine the position of elements
in a structure upon the chosen approaches to flows
designing, and to establish relationships between
elements of a structure by designing of system’s lay-
out, i.e. to determine the causes of complexity of
production structures. That way the degree of complexity
of production structures is determined by the quality
of project of material flows and system’s lay-out. The
degree of complexity is a measure of quality of a project
whereby the lower degree of complexity means a better
quality of a product and vice versa.

Bearing in mind the need for flows simplification
in a system, whose variety generates limitations to the
effective work process, the degree of complexity of
production structures is determined by conditionality of
flows in a system, as a relation between the total number
of connections between elements and the number of
structural elements, as shown in Figure 3 [75-76].

Complexity degree of the flows:
Stupanj sloZenosti tokova:

=m

>m

=
m
m; = Number of production

structure elements a direct
connection to element "i"

K=

1. Case: Maximal number of connections:
Slucaj: Maksimalan broj veza:

Lol

E”‘i _ m(m-1)

m e (m-1)= (10-1) =9

2. Case: Real number of connections:

K=

Slucaj: Realan broj veza:

NN

oo M 2dE30+4QSd B
om 10 0"

Broj elemenata proizvodne
strukture direktno povezanih
sa elementom "i"

m = The total number of
production structure
elements

Ukupan broj elemenata
proizvodne strukture

a) A definition
Definicija

Figure 3. Complexity Degree of the Production Flows

b) Complexity degree of similar production structures
Stupanj slozenosti slicnih proizvodnih struktura

Slika 3. Stupanj slozenosti proizvodnih tokova

When the degree of complexity of production
structures is considered, in accordance with the definition
in Figure 3, elements of a structure are the basic parts
of a system-workplaces, and their interrelations are
observed.

A more detailed analysis of the presented relation has
shown [75, 77] the existence of a connection between the
degree of complexity (variety of production structures
shown on Figure 1) and characteristics of certain types
of material flows. The relation between the degree of
complexity and conditionality of flows, shown in Figure
4, is determined upon:
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¢ the total number of structural elements

¢ the total number of connections between elements.

Table 1. Data About Production Structure - State

Tablica 1. Podaci o proizvodnoj strukturi - Stanje

This relation enables qualitative analysis of material Workplace/ Loadi
.. . . oading
flows types and the development of criteria for selection Radno Load/ | Capacity/ |  , degree /
of the most favourable variant. mesto, | Opterecenje, | Kapacitet, | p | 1 o izgenic,
Code/ min/year | min/year
“ mh Oznaka i
2 1 0120 255368 | 180000 | 2 0.71
S 0150 46885 180000 1 0.26
% § Variant of material flows: 0160 94205 180000 1 0.52
“?? -§ Varijanta tokova materijala: 0170 75305 180000 1 0.42
%3 Type/Tip 1 0180 57695 180000 | 1 0.32
T3 Type/Tip 2 0230 152228 | 180000 | 1 0.85
'§ g Tope/Tip 3 / 0240 176997 180000 1 0.98
g3 ~ 0250 112528 180000 1 0.63
S & Type/Tip 4 \0 0260 1282187 180000 8 0.89
L 0320 257512 180000 2 0.72
. 0330 170409 180000 1 0.95
4 l / o 0340 25268 180000 1 0.14
s | // 0350 150817 180000 | 1 0.84
5 0390 194658 180000 1 1.08
1 0420 123111 180000 1 0.68
Tl R 0430 1233318 | 180000 | 7 0.98
1 2 3 4 5... cod L ..om-1m 0490 347685 180000 | 2 0.97
Nurftber of the structure elements "m" 0710 69215 180000 1 038
Broj elemenata strukture
. . . . 0810 31660 180000 1 0.18
Figure 4. Analysis of production structures complexity degree
: _ T , 0820 155020 | 180000 | 1 0.86
Slika 4. Analiza stupnja slozenosti proizvodnih struktura 0840 548328 180000 3 1.02
0850 509912 180000 3 0.94
3.2. Results of the research into production structures 0870 170685 180000 1 0.95
complexity 0920 185380 | 180000 | 1 1.03
1010 585035 180000 4 0.81
Research into the degree of complexity of production 2510 64600 180000 1 0.36
structures was conducted in more than thirty different 2520 336610 180000 | 2 0.93
cases-enterprises with different production programmes, 2530 113861 180000 1 0.63
and gave results which are presented in the text that 6010 180 180000 1 0.01
follows, on the example of analysis of an enterprise that 6020 180 180000 1 0.01
produces machine tools [67, 76].
The analysis of complexity was performed in a way § o] | —— — | -
that took these into consideration: = w0 e ] ul n
¢ structures in state - production structures based on  § - i ] i
individual approach to material flows designing and é";g ] — [
process approach to production structures designing g «E 60 B ]
e acertain number of newly projected possible variants ‘S é 50 ]
of production structures in which, in accordance with  § § N B
the principles in Fig. 5, there was a switch to group = 30 M i
approach to material flows designing and product 2/ | T |
approach to structure designing. 10 n
The data presented about a structure in state are: s U L e
B S e N N B B B S R N B B S R B R

e the number of different work objects: 123
e the number of elements (workplaces): 30

e values that characterize the state of production
structure - a list of workplaces (Table 1) and load/
capacity ratio (Figure 5).

Workplace / Radno mjesto
Figure 5. Loading degree for the example of state of
production structure

Slika 5. Stupanj iskori$¢enja za primer stanja proizvodne
strukture
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By revitalization procedure two variants of production
structure were designed.

They had the following characteristics:

Variant 1:

*  number of working units: 2

e number of different work objects: WU 1: 85; WU
2:38

e number of workplaces: WU 1: 19; WU 2: 20

e characteristics of Variant 1 of the production
structure:

1. for WU 1: specification of the workplaces (Table 2)
and load/capacity ratio (Figure 6)

2. for WU 2: specification of the workplaces (Table 3)
and load/capacity ratio (Figure 7).

Table 2. Data About Production Structure - Variant 1, WU 1
Tablica 2. Podaci o proizvodnoj strukturi - Varijanta 1, RJ 1

Utilization degree 'n" (%)

A
| = jr—
S 9% — e
> - — -
S 80
He)
= pr—
3 1
= -
= 60 |
S
S, 50
=
“ 4 —
30
—
20
-
10
|-
»
eleliei2|colele|g||2|2|2|2|2|2(2|2]2
ISV |O (| N[N|O D |N|WODIN|WO|O|~ NN
NN |O|IO|® | |F|IF|O N[O | |N|[©|D| 0
o|lo|N|o|o|r~|w|o|o|o|o|o|o|lvw|o|o|o|o|o

Workplace / Radno mjesto

Figure 6. Loading degree for the example of WU 1 in Variant 1

Slika 6. Stupanj iskori$¢enja za primer RJ 1 u Varijanti 1

Variant 2:
Workplace/ . Loadi . .
o b ace Load/ | Capacity/ cacing »  number of working units: 4
Radno mesto Optereéenie | K ‘et No/ degree /
Code/ E;nfc:a rje m?g?ce;r Broj | Iskoris¢enje, * number of different work objects: WU 1: 62; WU 2:
Oznaka Y Y n, 23, WU 3: 26; WU 4: 12
0240 176997 180000 1 0.98 *  number of workplaces: WU 1: 16; WU 2: 18, WU 3:
11; WU 4: 16
0840 196473 180000 1 1.09 L .
e characteristics of Variant 2:
2330 70106 180000 ! 0.39 1. for WU 1: specification of the workplaces (Table 4)
0850 461634 180000 3 0.85 and load/capacity ratio (Figure 8)
0260 1137697 | 180000 7 0.90 2. for WU 2: spec.iﬁcatilon of the workplaces (Table 5)
and load/capacity ratio (Figure 9)
1010 208258 180000 2 058 3. for WU 3: specification of the workplaces (Table 6)
6010 180 180000 1 0.01 and load/capacity ratio (Figure 10)
0320 257512 | 180000 | 2 0.72 4. for WU 4: specification of the workplaces (Table 7)
and load/capacity ratio (Figure 11).
0120 181427 180000 1 1.01
0430 325110 130000 2 0.90 Table 3. Data About Production Structure - Variant 1, WU 2
0490 347685 180000 2 0.97 Tablica 3. Podaci o proizvodnoj strukturi - Varijanta 1, RJ 2
0820 155020 | 180000 | 1 0.86 Workplace/ . Loading
Radno Load/ Capacity/ No/ dearee/
0250 112528 180000 1 0.63 mesto | Opterecenje | Kapacitet . geel
Code/ min/year min/year Broj | IskoriScenje
6020 180 180000 1 0.01 n,
Oznaka ii
0150 46885 180000 1 0.26 0120 73942 180000 1 0.41
0230 150708 180000 ) 0.85 0430 908208 180000 5 1.01
: 1010 376778 180000 2 1.05
0810 31660 180000 1 0.18 0330 170409 180000 1 0.95
6020 180 180000 1 0.01
0920 185380 180000 1 1.03 0840 351891 180000 5 0.98
0870 170685 180000 1 0.95 2530 43755 180000 1 0.24
0420 123111 180000 1 0.68
6010 180 180000 1 0.01
0260 144490 180000 1 0.80
0710 69215 180000 1 0.38




358

R. MAKSIMOVIC et. al., Relationship Between Complexity...

Strojarstvo 54 (5) 351-369 (2012)

0170 75305 180000 1 0.42 g 1001 _
0160 94205 180000 1 0.52 = < | [
2510 64600 180000 1 0.36 ‘8 '§ 901 -
0180 57695 180000 1 0.32 S 2 so0-
2520 336610 180000 2 0.93 S E |
0850 44278 180000 | 1 0.25 S 2 7 T
0390 194658 180000 1 1.08 = § 60- ]
0350 150817 | 180000 | 1 0.84 = 3
~ 1 50
0340 25268 180000 1 0.14
40
S
:§ 1007 | - H 30-
S 3 9 M - | ]
S _ y
2 |
< 5 o 10
- N:é = _— 1,
$g° MHEEEHEEREEEHEBEE
XA~ = N[OV IN|[C|OM|(-|FT|FT|O(N|D |
:"E‘ §, 50 o|lo|N|o|o|~|o|o|o|o|o|o|o|v|e
S A 4l — Workplace / Radno mjesto
” p= Figure 8. Loading degree for the example of WU 1 in Variant 2
2 M = Slika 8. Stupanj iskoriS¢enja za primer RJ 1 u Varijanti 2
10 M
R Table 5. Data About Production Structure - Variant 2, WU 2
SMEEEEEAEEE EEEEREREEEE g Tablica 5. Podaci o proizvodnoj strukturi - Varijanta 2, RJ 2
orkplace /Radno mjesto Workplace/ )
Figure 7. Loading degree for the example of WU 2 in Variant 1 Radno Load/ Capacity/ No/ Iaoadln%
. . o egree
Slika 7. Stupanj iskori§¢enja za primer RJ 2 u Varijanti 1 mesto | Opterecenje | Kapacitet Broi | Isk g
. . j | Iskoriscenje
(Code/ [min/year] | [min/year]
Oznaka) i
Table 4. Data About Production Structure - Variant 2, WU 1
Tablica 4. Podaci o proizvodnoj strukturi - Varijanta 2, RJ 1 0120 88446 180000 ! 049
0250 38903 180000 1 0.22
Workplace/ Loadin
Radno Load/ Capacity/ No/ degree/g 6020 180 180000 1 0.01
mesto | Opterecenje | Kapacitet | p ol 1oy o iccenic 0320 62490 180000 | 1 0.35
(Code/ [min/year] | [min/year]

Oznaka) i 6010 180 180000 1 0.01
0240 155822 | 180000 | 1 0.87 0820 109835 | 180000 | 1 0.61
0840 170545 180000 1 0.95
0850 108903 180000 1 0.61 0850 352742 180000 2 0.99
0260 247025 180000 3 1.01 0260 590672 180000 4 0.82
1010 163513 180000 1 0.91
6010 180 180000 1 0.01 2530 12015 180000 1 0.07
0320 195022 180000 1 1.08 0240 21175 180000 1 0.12
0120 92981 180000 1 0.52

4 1 1 4

0430 237805 180000 2 0.67 0430 87305 80000 049
0490 321940 180000 2 0.89 1010 44745 180000 1 0.25
0820 45185 180000 1 0.25 0490 25745 180000 | 1 0.14
0150 10885 150000 ! 0.26 0230 114913 180000 1 0.64
0250 73625 180000 1 0.41 :
0230 37315 180000 1 0.21 0810 31660 180000 1 0.18
0870 8265 180000 | 1 0.05 0920 185380 | 180000 | 1 1.03

0870 162420 180000 1 0.90




Strojarstvo 54 (5) 351-369 (2012)

R. MAKSIMOVIC et. al., Relationship Between Complexity...

359

1004‘

901
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Figure 12. Complexity degree - state of production structure

Slika 12. Stupanj sloZenosti - stanja proizvodne strukture

Project - Variant 1 of the production structure

The observed variant of production structures was
designed according to product principle with two WUs
which generated relations between the elements and the
degree of complexity presented in Figure 13.

Variant/Varijanta 1 - WU 1

m=21; 2m;=190; k = 9,05
Variant/Varijanta 1 - WU 2

Figure 13. Complexity
degree for Variant 1 -
project

Slika 13. Stupanj
slozenosti Varijante 1

- projekt

m=22; Xm;=130; k=590

Project - Variant 2 of production structure

The observed variant of production structure was
designed upon the product principle with four WUs
which generated relations between the elements and the
degree of complexity presented in Figure 14.

Variant/Varijanta 2
WU 1

WU 2

m=18; >Xm; = 68; k = 3,78
WU 3

m=22; 2m; = 60; k = 3,00
WU 4

m=13; 2m; = 34; k = 2,61 m=18; 2m; = 56; k = 3,11
Figure 14. Complexity degree for Variant 2 - project

Slika 14. Stupanj slozenosti Varijante 2 - projekt

The analysis of the values in Figure 13, 14 and 15 and
dependency (m-x) in Figure 15 for the observed example
of production structure shows that:

* by projecting production structures of an enterprise
on the basis of group approach in flows designing,
transformation from process to product flows
designing is made possible,

* by designing more variants of production structures,
their degree of complexity can be significantly
managed and

e the degree of complexity of a certain variant of
production structure is determined by the quality
of project of working units (WU) concerning their
structure and size.
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Figure 15. Complexity degree for all the observed structure
variants

Slika 15. Stupanj sloZenosti svih posmatranih varijanti
proizvodne strukture

3.3. The possibilities of designing production
structures of lower complexity

Experience in development of production structures
with WU as the core has shown that this approach enables
the transformation from the most widespread process
flow design into the more effective product flow design
[69, 76]. The dependency (m-x) which was analyzed in
real enterprises shows that additional analysis is needed
towards the selection of the most adequate variant of
production structure, in the sense of moving towards
the lower limit of the degree of complexity of flows
(possibilities are shown in Figure 16).

7
m

Possibilities of
m-1 the complexity
. decreasing:

Mogucnosti

snizenja slozenosti.

1. By changing of
INDIVIDUAL
to GROUP

roach in

Tndividual flows Lo

/ Pojedinaéni tokovi Stricrres
~ designing

Zamjenom
pojedinacnog
grupnim prilazoni
projektovanju
struktura

Complexity degre of the flows "k"

Stupanj slozenosti tokova

T Tl
Group flows

]Q:Z;m mlli?

Y ViV Y

N

. By selecting
of optimal
variant of the
structures

zborom optimalne

I varijante strukture

>

<|—-I?-_

| =™ w & ne..
N\

—CF >
123 45... P B &5 A .. m-1m
Number of the structure elements "m"
Broj elemenata strukture
Figure 16. The possibilities of lowering the complexity degree

of production structures

Slika 16. Moguénosti sniZenja stupnja slozenosti proizvodnih
struktura

4. Production Structures Flexibility
4.1. A Definition

The ability of enterprises to adapt to changes in the
surroundings and to the disorders in the work process is
their extremely important characteristic called flexibility
[32-33, 58]. Considering the characteristics of enterprise
structures and the character of changes, three components
of flexibility [67, 71] can be defined:

*  characteristics of
flexibility,
»  capacity of system elements - capacity flexibility,

elements - technological

*  dependability of system flows - flexibility of flows.

Technological Flexibility

Technological flexibility is determined by the
parameters of technological system elements and by the
characteristics of the work objects.

The measure of technological flexibility of a system’s
structures [15, 68, 73] (Figure 17) is represented by the
likelihood with which the given element of a structure,
within the certain installed parameters, will accept a
group of work objects on which part of the work should
be done in accordance with the projected technological
procedures.

Instaled limits - on parameter "k""
Instalisane granice - po parametru "k"
y

>
»

R
=
S
38!
S s L
S -
~ = 6
$8
=3 S
<3
s -
RS 2 /0
1] |
RN ..
TR
0 Hy >
T 2 3....... Kkl K....... n-l n Distribution of
Structure parameter parameter k
(Product Characteristic) Distribucija
Parametar strukture parametra k

(Karakteristika proizvoda)
Figure 17. Technological Flexibility
Slika 17. Tehnoloska fleksibilnost

Capacity Flexibility

Capacity flexibility is determined by the ability of
elements, parts of the structure and the entire system to do
that amount of work that is necessary for manufacturing
the projected amount of the work object.

The measure of capacity flexibility [22, 70, 72] is
determined by (non-) existence of capacity reserve as
represented by next relation (Figure 18):
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where f;' is the degree of capacity of flexibility of a
workplace “i” in the system (i =/,2...m), K ' - installed
and Kep" - required capacity of that workplace.
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Figure 18. Capacity Flexibility
Slika 18. Kapacitivna fleksibilnost

Flexibility of Flows

Flows flexibility is determined by flows capacity
(Figure 19), the relation between structure complexity
degree (Kp) and maximum complexity degree of the
structure with a determined number of elements (x ):

K

f 2

=_r

K}?I
Considerations of production structures flexibility
indicate the existence of a close relationship between
some components of flexibility in a way that:
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parameters of structure elements, i.e. the value of
technological flexibility degree and

the value of the existing and the reserve of the
capacity, i.e. the value of capacity flexibility degree,

in the sense of compatibility between the technological
and capacity flexibility in sections of flow, enable
relationships between them, i.e. flows flexibility value.

f=FA . 3)

4.2. Results of production structures flexibility
research

Technological component of production structures
fexibility
Research into the value of the technological
component of a system’s structure points to significant
possibilities of maintaining certain characteristics on the

desired level. The main result of the research was the
following [67, 72, 76]:

Using the sample of 30 production programmes of
real industrial systems, the technological component
of flexibility was determined in the conditions: state
- individual approach to flow designing and process
approach to structure designing, and project - group
approach to flow designing and product approach to
structure designing. More than 10,000 work objects
and 100 technological systems were analysed,;

In accordance with the presented definition (Figure
17), basic dimensions of parts were analysed and
technological component of flexibility determined
(for the same enterprise- example from part 3.2),
taking into consideration the possibility of accepting
the work object, as shown in Figure 20a and 20b.

Capacity component of production

structures flexibility

Maximal .

degree of For the same enterprise and
complexity for production structures variants from part
the existing 32 th h inf ti bout
number of 2, the research gave information abou
elements - k,, the degree of capacity flexibility, i.e.
Maksimalni the average utilization degree (=) and

stupanj slozenosti
za postojeci broj
elemenata

average capacity reserve (m), shown in
Figure 21a, 21b and 21c.

Degree of
complexity
of observed
structure - K,

Stupanj sloZenosti
posmatrane
strukture
Figure 19. Flexibility of flows

Slika 19. Fleksibilnost tokova



Strojarstvo 54 (5) 351-369 (2012)

R. MAKSIMOVIC et. al., Relationship Between Complexity... 363
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Figure 20a. An example of the results of technological

flexibility research - before designing

Slika 20a. Primjer rezultata istrazivanja tehnoloske
fleksibilnosti - prije projektovanja

0250 Universal lathe
Univerzalni tokarski stroj
DIAMETER OF PARTS

Technological system:
Tehnoloski sistem:
Characteristic:

Karakteristika: PROMIJER PREDMETA RADA
AFTER DESIGNING / POSLIJE PROJEKTOVANJA

Size of sample: 75 Distribution: NORMAL

Veli¢ina uzorka Distribucija: NORMALNA

Interval beginning: 30 O(d)  =120.000

Pocetak intervala W(d) =28336

Interval end: 210
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Figure 20b. An example of the results of technological

flexibility research - after designing

Slika 20b. Primjer rezultata istrazivanja tehnoloske
fleksibilnosti - poslije projektovanja

State: Process type of production structure
Stanje: Procesni oblik proizvodne strukture
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Figure 21a. An example of the results of capacity flexibility

research (State)

Slika 21a. Primjer rezultata istrazivanja kapacitivne

fleksibilnosti (Stanje)
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Figure 21b. An example of the results of capacity flexibility

research (Variant 1)

Slika 21b. Primjer rezultata istrazivanja kapacitivne

fleksibilnosti (Varijanta 1)
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Figure 21c. An example of the results of capacity flexibility
research (Variant 2)

Slika 21c. Primjer rezultata istrazivanja kapacitivne
fleksibilnosti (Varijanta 2)

Flexibility of flows of production structures

For the same enterprise and variants of production
structure from part 3.2, the degree of flexibility of flows
is presented in Table 8.

Table 8. Flexibility of Flows of Production Structures
Tablica 8. Fleksibilnost tokova proizvodnih struktura

Structure variant
/Varijanta m | Ym® Kp=Zm‘/m x =m-1 fp =K‘p/l€m
strukture

State/Stanje 32 | 361 11.28 31 0.36

X:;Z‘:t; WU1| 21 | 190 | 9.05 20 0.45
P wuz| 22 | 130 | 590 21 0.28
Variant /| WU L] 18] 68 378 17 0.22
Varijanta | WU 2| 20 | 60 3.00 19 0.16
T wus| s |3 261 12 0.22
wu4| 18 | 56 311 17 0.18

The investigation into the flexibility of flows of
production structures was carried out in more than thirty
real programmes. The results show that the flexibility
component is significantly higher in the process approach
than in the product approach to flows designing.

The presented relations are logical, bearing in mind
the definition of the flexibility of flows and the fact that
the process approach enables the maximum number of
connections between structural elements, i.e. it enables a
higher level of flexibility of flows than any other. Thus,
the relation:

(procesflowtype) . (p) _ P
K, —-K,, Le.f," = ” - 1. 4
m

The results of the analyses in the above described real
production programme show that:

» the flexibility of flows is directly connected to the
degree of complexity of production structures and

« efforts should be made towards finding the most
favourable solutions by comparing the quality of
the variants in terms of the degree of flexibility of
flows, instead of providing the maximum flexibility
of flows for the conditions that are generated by the
characteristics of production programme.

4.3. The possibilities of designing flexible production
structures

Research on the flexibility of production structures
[59, 67] has shown that when group approach is used
in designing flows and product approach in designing
production structures - the division of the system’s
structure into working units [64, 69], as a result of the
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Figure 22. Increase of the technological flexibility
Slika 22. Povisenje tehnoloske fleksibilnosti

Research into the capacity flexibility of production

structures has shown that the division of the system’s

structure into working units, and for the purpose of their

independency, leads to the design of parallel workplaces
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in which load/capacity relation provides a higher level

.g

of capacity flexibility and a lower degree of complexity
of a structure, but also a lower degree of utilization in
comparison with the process flow design (Figure 23).

b) Case: Product type of the system's flows
Slucaj:

Predmetni tip tokova u sustavu

Figure 24. The explanation of the required and satisfactory

degree of flexibility of flows
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Figure 23. The change in the utilization degree

Slika 23. Promena stupnja iskoris¢enja

Slika 24. Objasnjenje potrebnog i dovoljnog stupnja
fleksibilnosti tokova

This investigation, and those in [59-61]
proved that in cases of production structures
based on process flow design - which were
always cases of state, flexibility of flows is
not used enough and it is unnecessarily over-
dimensioned. This way, one of the greatest
limitations to achieving the desired effects has
been installed into process organized production
structures / the limitation of high complexity
degree and low manageability.

The example of the analysis of flows [62-
63] (Figure 24) presented as the matrix of
interdependence between the work object in
the production programme and elements of the
production structure confirms this.

In Figure 24, the intersection of column

j” (work objects 1, 2, 3, etc.) and line ‘i
(structural elements A, B, C...) in the matrix
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of interdependence is designated as “®”, or it is not
designated at all. The existence of this symbol in the
field “i,j” denotes performing operation “i”’ on the work
object “j”, whereas the absence of this symbol in the
field “ij” means the work object “j” does not undergo
operation “i”. The general design of the observed matrix,
which is of process type, is disorganized (Fig. 24a), but by
swapping lines and columns, without changing the flows
in the system, an organized matrix design, characteristic
of product design, can be established. This shows that the
necessary number of connections between elements of a
production structure is technologically limited and much
smaller than the number in the process structure. It can
be concluded that there is a viable possibility of applying
a structure with a lower degree of conditionality of flows
- complexity, and at the same time a lower degree of
flexibility of flows.

5. Conclusion

The contribution of this paper is the definitions and
determination of the measures of the two most important
characteristics of an enterprise’s production structures
- complexity and flexibility, and establishing their
relationship.

Production structures complexity is defined by
complexity degree. While in the great body of literature
complexity is measured by size (number of structural
elements), this paper observes the complexity degree as
comprising a number of interrelationships between the
elements of a structure, beside the number of elements.
Complexity of production structures is thus identified as
complexity of a network of flows in a system.

Flexibility of production structures consists of three
interdependent components: technological component,
capacity component and flexibility of flows. As these
components are measured by different standards, no
universal measure of flexibility can be given.

Analyses of complexity and flexibility of production
structures performed on thirty different production
programmes gave results which mostly coincide with the
results presented in this text. Therefore, the following
can be concluded:

1. Unlike in  process flow designing, designing
production structures of an enterprise on the
principles of group and product approach, as
independent working units, forms the basis for
lowering the degree of complexity of structures;

2. Unlike in process flow designing, in designing
production structures of an enterprise on the principles
of group and product approach, as independent
working units, conditions are provided for:

* increasing the degree of technological flexibility of
structures

* increasing the capacity flexibility of structures

* finding satisfactory solutions concerning the
flexibility of flows which improve the total quality
of structures.

Flexibility and complexity research results in defining
and measuring the key performances which illustrate the
quality of the structure of an enterprise. This way, through
different analyses, the basis has been formed for quality
evaluation as well as for comparison of real enterprises’
structures.

However, flexibility and complexity characteristics
of enterprises’ structures, the way they are defined in
this paper, could be used in future research as criteria
for the analysis and choice of the optimum variant in the
procedures of designing structures of enterprises.
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