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Abstract

The difference between the production cost and selling price of the products may be viewed as a criterion that deter-
mines an organization’s competitiveness and market success. In such circumstances, it is necessary to impact these cri-
teria in order to maximize this difference. The selling products’ price, in modern market conditions, is a category which
may not be significantly affected. So organizations have one option, which is the production cost reduction. This is the
motive for business organizations and the imperative of each organization. The key parameters that influence the costs
of production and therefore influence the competitiveness of organizations are the parameters of production machines
and processes used to create products. To define optimal parameter values for production machines and processes that
will reduce production costs and increase competitiveness of production organizations, the authors have developed a
new mathematical model. The model is based on application of the ABC classification method to classify production line
processes based on their costs and an application of a genetic algorithm to find the optimal values of production machine
parameters used in these processes. It has been applied in three different modern production line processes; the costs
obtained by the model application have been compared with the real production costs.
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increasing. This is the motive of business and the
imperative of each organization.

When important functions and activities of organi-
zations are considered, it should be noted that organi-
zational factors could have a significant influence.
Organizational factors that stand out and have the
largest influence are top management support, organi-
zational readiness, and organizational size.” Studies
have shown that top management support presents one
of the most important influencing factors.>* If the top
management support is high, it is possible to have
greater participation in decision-making processes by
executives. Commitment of the top management is
essential to convince an organization to adopt new
solutions.” Another important organizational factor
identified by the scholars is organizational readiness,
seen as the ability of organizational resources to adapt
to a new situation on the market.® Considered organi-
zational resources are financial, human, and infrastruc-
ture resources. Studies show that organizations have
the goal to postpone the application of new solutions
until they gather all the necessary resources.” Finally,
the results show that organizational size as organiza-
tional factor is positively correlated to the organiza-
tional adoption of new solutions,® but there are other
studies that indicate that small and medium organiza-
tions easily accept new solutions.” It may be concluded
that these and other organizational factors are of vital
importance to improve and promote effective work. In
such circumstances, it is possible to implement a new
ABC and genetic algorithm (GA) model for the optimi-
zation of production processes.

It must be kept in mind that any changes in produc-
tion, and changes in the level of capacity utilization,
have an influence on production costs. The cost of pro-
duction is a basic part of the product cost in manufac-
turing organizations. The structures of the production
costs are made of the costs of labor, tooling costs,
machine tool costs, and the costs of the refrigerant and
lubricant.'®

For large-scale modern machining production line
processes, machining parameters (such as cutting speed,
depth of the cut, feed rate) have an impact that is sig-
nificantly important when it comes to reliability (tool
life cycle), product quality (roughness of the product
surface), production costs, and productivity. A disad-
vantage of machining production line processes is that
these parameters are conservatively chosen based on
the experience of workers, and although all the condi-
tions are fulfilled, tools and machines are not being
fully used, that is, the production cost may be
reduced."!

The ability of the production processes to achieve
the intended organizational business objectives can be
determined through organizational performance. The
literature indicates that if the organizational

performance is not appropriately treated, various
weaknesses could occur, such as not clarified expecta-
tions of the employees; low productivity at all levels of
the organization; unmotivated employees without the
desire to do the best they can; employees may not have
the appropriate skills and knowledge to contribute to
the organization’s further development; non-
harmonized processes and organization performance
with organizational values, goals, and strategy; badly
developed platform for decision-making; and poor rela-
tions and understanding between the employees and
managers.'? In order to avoid any weaknesses of the
organizational performance, it is necessary to apply
new approaches and solutions to measure and monitor
organizational performance.'> The main activities of
measurement include collection, preparation, and anal-
ysis of data with the goal of the quality and efficiency
of organizational performance improvement and the
achievement of the objectives of the process and the
organization as a whole. Based on the literature review,
it can be concluded that the successful organizations
use the proven performance management processes
such as strategic maps and balanced scorecard systems
to measure their performances.'*'® Within this proce-
dure, performance measures defined as indicators are
chosen (such as key performance indicators), which are
used in order to quantify the organizational objectives.
Properly defined indicators may point to discrepancies
between the current and desired organizational perfor-
mance and point into certain improvement directions.'’
For decision-makers and managers, these may be very
important, because it allows them to find critical pro-
cess points and identify actions for their correction.
Using performance measures, organizations are not
limited to traditional financial metrics; they can moni-
tor critical success factors and gain a better insight into
the processes and organizational performance.

However, even in organizations that make good
decisions based on defined procedures and indicators,
there is a tendency to neglect the possible underestima-
tion of the existing issues related to the reliability of
collected, integrated, and evaluated data required for
reporting on the performance. This area is open to the
application of new solutions, which are based on new
technologies, methods, and defined models. Based on
this, the authors have considered the problem of
machining parameters’ optimization to reduce produc-
tion costs.

Optimization represents a process which is used to
adjust the input parameters of a particular objective
function, so that the minimal or maximal output or the
result could be achieved.'"® For machining production
line processes, the main goal of the optimization could
be to find the values of parameters that will be optimal
for objective functions, which can present processing
costs’ reduction, productivity enhancement, product



Eric et al.

quality improvement, and so on. These parameter val-
ues are found in a defined search space limited by the
possibilities of working tools and machines."”

The optimization method used in this article is a GA
and it belongs to the metaheuristic group of non-
conventional techniques of optimization (near-optimal
solutions).”® Metaheuristic methods, different from
classical optimization methods, are characterized as
methods with direct search and converging toward a
global optimum, based on the heuristic probability the-
ory.?! These methods usually imitate some biological
or molecular characteristics, or neural systems. A GA
imitates the evolution process and it can provide solu-
tions that are near-optimal for a large search space.
Also, GA has been proven as a powerful method to
solve optimization problems involved in many engi-
neering practical problems.*

Optimization for all production processes in the pro-
duction line is not necessary, especially for some pro-
cesses that are not expensive and do not use a lot of tool
and machine time, so it is not rational to optimize them.
Based on the literature review of articles dealing with
the optimization of machining processes, and conducted
by Yusup et al.,** it can be concluded that the GA opti-
mization method has been widely used. It has been iden-
tified that GA was mostly used to optimize machining
time and tool wear, to minimize production costs, to
find optimal surface roughness, and to minimize geome-
trical inaccuracy by optimizing some of the production
parameters such as cutting speed, workpiece speed,
depth of cut, feed rate, electrolyte flow velocity, and
applied voltage.> Also, in this article, the authors have
used GA as an optimization method for cost reduction,
by optimizing cutting speed and feed rate.

Unlike the article mentioned in Yusup et al.,* this arti-
cle has two new contributions. In order to concentrate
only on production processes that are most demanding in
terms of cost reduction, the ABC classification method, as
an addition to GA, has been used, which is considered as
the first contribution. To determine the costs of the
machining production process in real conditions, cost
function, experimentally developed in the Faculty of
Engineering in Kragujevac, was used, which gives precise
and accurate results for all defined machining production
processes. This function has been used as an objective
function for the GA optimization method, which is con-
sidered as the second contribution of this article.

The ABC method is widely used to streamline an
organization, and it is commonly used to manage
inventory with a large number of distinct items** and
may be suitable to classify production line operations
and thereby increase effectiveness® of production para-
meters’ optimization.

In this article, the authors have presented the usage
of GA optimization and ABC classification methods
with an experimentally developed objective cost

function to fully use production line processes by opti-
mizing their parameters. Section Materials and meth-
ods is divided in two subsections Literature Review
and Model definition. “Literature review” presents a
literature review of articles related to the application of
optimization methods for production processes’ opti-
mization and presents the application of ABC classifi-
cation usage, while subsection “Model definition”
presents a model containing ABC classification and a
GA method for production line process optimization.
Section “Results and discussion” shows the results and
a discussion of the used model, while section
“Conclusion” concludes the article.

Materials and methods

Literature review

The following literature review briefly introduces the
application of the optimization GA method for pro-
duction line processes. It also includes an application
review of the ABC classification method for model
effectiveness improvement.

Optimization of the production line has its main dif-
ficulty, which is getting empirical and technical knowl-
edge about the used line processes. Getting necessary
knowledge of production line processes can be demand-
ing work,?® because it is necessary to include a larger
number of influencing factors, such as equations that
have been empirically obtained for tool life cycles,
power and strength of the working machines, and
desired product surface roughness.?” All these factors
influence the knowledge needed to define production
line process parameters and functions, objective func-
tions, and optimization criteria functions and limita-
tions that define the search space.”® In most cases, line
process parameters and functions are cutting force,
resistance of cutting, temperature of cutting, wear and
life of tool, and finishing surface. Optimization may
seek the optimal parameter values for only one objec-
tive function, or for more mutually conflicting objective
functions (multi-objective optimization). For booth
production line parameters’ optimization, with only
one or more objectives, most commonly, functions are
connected to production time, production costs, pro-
duction accuracy, overall cost, productivity, profit, and
so on.””* Based on these objective functions, the goal
of the optimization is usually to minimize production
time or cost, or cut fluid consumption;** maximize pro-
ductivity or profit, or realize a certain level of product
quality (surface finishing).*> The functions and limita-
tions that represent criteria for search space definition
are usually related to the working machines, tools, and
workpiece restrictions.>® Production line processes are
in most cases carried out in several passes, with finish-
ing, and previous passes referred to as roughing. So the
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optimal parameter values in one pass may not necessa-
rily mean that they are optimal in the other passes. In
these situations, with multiple passes, primary produc-
tion line parameters are cutting speed, step, and cut
depth.”’

Having all this in mind, it can be said that optimiza-
tion of production line processes is not an easy task,
especially due to the large number of influencing fac-
tors.’®*® For all these reasons, GA presents a suitable
optimization method because it deals easily with con-
flicting goals, adapts to the problem, and gives good
optimal parameter values for production line
processes.”!

GA is a search algorithm that imitates the iterative
evolution process on a certain set of individuals.** Each
individual in the set corresponds to a possible solution
characterized by its fitness. Fitness is determined
according to the suitability of an individual to a defined
objective function or functions, and it presents the util-
ity of the individual.** A set of individuals is usually
called the population, whose size is determined prior to,
and remains the same during the search process. At the
beginning of the search process, in the first iteration,
the population is built randomly. In all other iterations,
the population is composed partly from new generated
individuals and partly from individuals from a previous
iteration. New individuals are generated using two
operators, crossover and mutation. Crossover selects
two individuals called parents, and then combines and
exchanges their elements to generate two new individu-
als called offspring. A mutation operator is used to
make small random changes to an individual. For these
operators, a selection strategy is applied in a manner
that gives a greater chance for individuals with a higher
fitness value to be parents than those with lower fitness
values. In this way, GA was applied to get optimal
parameter values for many production line processes.
In the following paragraphs, recent application of GA
for optimization of parameters for certain production
processes is presented.

GA may be used to determine the optimal values for
the cutting parameters in multi-phase production line
machines, by minimizing cost per unit of output and
with respect to all constraints known from practice.*!
To optimize cutting speed, depth of cut, number of
passes, and feed, in the multi-pass turning process, GA
may be employed in two different ways.'”** In one
way, the mentioned literature presents the use of GA
for multi-objective optimization, while in another way
it presents the use of GA for optimization with only
one objective function and 20 criteria limitations and
functions. A great part of the literature®®** presents
multi-objective optimization in which multi-targets
have been combined in two opposite functions, one
function that may be presented as costs and another
one that may be presented as productivity or quality.

An important thing which may be taken into
account when it comes to optimization of production
line parameters with GA is the ordered quantity of pro-
duction. Quantity of production may be critical for
high-volume production lines, because it directly influ-
ences the tool and working machine life cycles and the
fulfillment of product delivery on time. Based on this,
Al-Aomar and Al-Okaily*® have presented a simple
GA to determine the optimal values of computer
numerical control (CNC) lathe parameters in order to
reduce the cost per ordered quantity.

Application of GA may be effective for the CNC
milling process.*** In the mentioned literature, the
purpose of GA optimization is to determine cutting
conditions that will lead to minimum surface roughness
in milling. As some of the important influencing fac-
tors, the authors have specified the radial angle of the
milling tool, and speed and pitch of the tool. Based on
these influencing factors, regression models were
formed, and the best of them was used as an objective
function for GA. The results of the analysis have
shown that GA may be used to estimate the optimal
cutting parameters, while obtaining the minimal value
of surface roughness and the respective mechanical
constraints. The optimized cutting parameters were
feed, cutting speed, axial depth of cut, radial depth of
cut, and machining tolerance.

Although the values of model parameters generally
cannot be known precisely and therefore are subject to
aleatory (arising due to randomness) or epistemic (due
to lack of knowledge) uncertainties,***’ in this article
optimization problem is abstracted to such a level that
ABC classification and GA were used without propa-
gation of mentioned uncertainties. The model includes
the application of ABC classification and GA methods,
to demonstrate their applicability in production process
parameters’ optimization. However, further research
will focus on the propagating of uncertainties and
application of fuzzy set theory arithmetic for sampling
of the values of the epistemic and aleatory uncertainties
and their inclusion in the cost objective function.

To improve the results of optimization, there is a
common practice to combine GA with other methods
and techniques, such as artificial bee colony algo-
rithm.*® Abburi and Dixit* have combined GA and
linear programming for multi-pass cutting; the goal of
this multi-objective optimization was to minimize pro-
duction time, which provided near-optimal solutions in
the form of the Pareto front. To choose the best opti-
mal solution among Pareto optimal solutions, linear
programming has been applied. Similar application of
GA for multi-objective optimization is seen with the
neural network (NN) prediction method. In this way, it
is possible to maximize the material removal rate and
to minimize the tool wear and damage of the material
properties. The testing results, also presented as Pareto
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optimal solutions, have shown that the model is rele-
vant for prediction of the cutting parameters.”*->!

GA may be used alongside simulated annealing (SA)
to produce optimal results for a high-speed milling pro-
cess. The combination of these two methods overcomes
their weaknesses and unites their strengths.’>>

Besides the optimizing of production process para-
meters, it is possible to optimize the installation of the
working machines in the production line by combining
GA and greedy algorithms. The goal of this optimiza-
tion may be to minimize the installation cost of the
working machines.®* Another similar application may
be the use of GA alongside mixed linear programming
to determine the optimal positions of CNC production
line machines.*

In this article, the authors have presented a model
that has combined the usage of GA and the ABC
classification method to overcome possible non-
effective optimization of operations that do not
require large costs, expenditure of working time,
tools, and working machines. In the following para-
graphs, recent application of the ABC classification
method is presented.

ABC application. The ABC method is most commonly
used for inventory classification,*>>° and it is often
used with other methods, such as weighted linear opti-
mization, fuzzy analytical hierarchy process (AHP)-
data envelopment analysis (DEA), NN, the AHP, and
the technique for order preference by similarity to ideal
solution (TOPSIS) model.”” !

The ABC method is formed on the basis of Pareto
analysis and is easy to use and understand. The ABC
method divides elements of classification into three
groups A, B, and C, according to the criterion crisp val-
ues. Selection of the criterion that will be used for prob-
lem classification has been considered and it especially
depends on decision-maker estimation. Usually, elements
in group A present 5%—10% of the total number of ele-
ments and 65%—70% in terms of their summarized cri-
terion crisp values. On the other hand, elements in group
B present 10%—15% of the total number of elements and
20%—25% in terms of their summarized criterion crisp
values. Elements belonging to these groups are the most
important for decision-makers; all the other elements
that belong to group C are relatively unimportant.®

It can be said that the application of the ABC
method with other methods is wide and effective; in
this way, the disadvantages of the used methods could
be overcome. The ABC method may be used to moni-
tor and distribute the cost of the production process
activities. For these reasons, the authors have com-
bined the use of ABC and GA methods within the
model that will be presented in subsequent sections.

Model definition

In this article, a new model based on ABC and GA
methods for optimization of line production processes
is proposed. The main goal is to determine the optimal
values of production parameters which will lead to cost
and time reduction of line production. In order to
understand the mathematical equations of the experi-
mentally developed objective cost function in the
model, the notation is presented in Table 1.

A proposed algorithm based on the ABC classification method
and GA

Step 1. Identification and determination of the num-
ber of production line activities; if the number of
production activities is higher than 10, then go to
Step 2, or else go to Step 4.

Step 2. Determination of overall cost C, and cost ¢,
of each activity p in a certain line production which
is not optimized

Co = Z (1)

Step 3. Application of the ABC classification
method to determine which activities belong to A,
which to B and C group based on their costs ¢, for
the observed production line.

® A(cp) that influences 67.5% of C,.
® B(c,) activities that influence 67.5%-95% of C,.
® C(cp) activities that influence 95%-100% of C,.

ABC classification is based on Pareto analysis.
Using this method of classification, all production
activities can be divided into three groups A, B, and C.
Group A has typically 5%—-10% of the total number of
production activities and 60%-70% in terms of the
overall costs; the second group B has up to about 20%
of the total number of production activities and 30%—
35% in terms of the overall costs; all other production
activities belong to group C.*

First, based on the cost of each production activity
¢, determined separately in Step 2, activities are the
ranking from those with the highest costs, to those with
the lowest costs. After that, percentage share of each
activity cost ¢, in the overall cost C, also obtained in
Step 2 was determined. Based on this, it is determined
that activities with the highest costs which if summed
together make up to 67.5% of the total cost C, belong
to group A. Activities, which follow, with lower costs
which summed together make up from 67.5% to 95%
of the total cost C, belong to group B. All the remain-
ing activities belong to group C.
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Table I. Notation.

Index Description

p Production activity

% Production activity cost

G Overall cost

n Coefficient whose size depends on the number of machines on which an employee works at the same time and
the number of machines serviced by a professional worker (1.1-1.3)

k, Gross salary of workers (EUR/min)

ty Effective cutting time (min)

ty Extra time that, during processing, is spent on setting up the workpiece in the machining system

tp, Preliminary final time that refers to the time of the preparation of the machining system (machines, tools,
equipment, etc.) for processing of one series with z units (workpieces) and clearing away the working system after
completion of the processing of all pieces

ty Additional time in the production process that is spent on short breaks of workers during the construction of a
series of z items

Cq Tool costs (EUR)

i Number of possible tool sharpenings

t) Tool changing time (min)

t Tool sharpening time (min)

ko Personal income of workers who perform sharpening of tools in gross amount (EUR/min)

Z, Product pieces between two sharpenings or replacement of tools

T Tool resistance

G Taylor’s constant

p Empirical constant

q Empirical constant

r Empirical constant

Cn Price of the machinery which is affected by the amortization rate (EUR)

P, Machinery amortization rates (%)

n Time-efficiency machines

SHP Price of fluid for cooling and lubrication (EUR)

D Diameter of the workpiece (mm)

L Length of processing (mm)

Ve Speed of the production machine (m/min)

f Feed of the production machine (mm/rev)

a, Depth of cut

(o8 Constant during production process

k, General corrective coefficient with respect to the cutting speed

m Constant during cutting process

F Annual operating hours on production machines

X Constant during production process

X) Coefficient of the main cutting resistance

y Constant during production process

Y Coefficient of the main cutting resistance

k¢ Correctional coefficient that depends on the strength and hardness of the material of the workpiece

Cyi Coefficient of the main production process resistance

Ry Tool resistance coefficient

P Production machine power

C, Geometric tool characteristic

17y Additional material in the production process

E Young’s modulus

I Moment of inertia

s Coefficient that depends on method of workpiece clamping

l Downtime before the start of full intervention

Npin Minimal spindle revolutions of production machine

Nmax Maximal spindle revolutions of production machine

fmin Minimal feed of production machine

fmax Maximal feed of production machine

Step 4. Definition of optimization functions and lim- In practice, selection of production parameters’ val-

itations for parameters of activities belonging to ues is usually based on production machine specifica-
group A, or for all activities if their number is not tions and experience, to get the required final product
higher than 10. accuracy. The parameter values’ selection directly
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influences machine productivity, reliability, and quality.
This influence can be directly expressed through produc-
tion cost, especially in large volume productions. For
example, if the value of the machine feed is not appro-
priate, the amount of scrap material (surface roughness
may exceed a certain required threshold) will be larger
in large-scale productions. A similar example is when
the economic effect of the production parameters on
tool life and production time is analyzed. Because of
production costs’ multiple and interconnected nature,
significant production parameters can reduce produc-
tion costs in one place and increase them in others.
High-speed processing may result in a shorter produc-
tion time, but it also may shorten the tool life cycle and
increase costs of tool reparation or change. Having this
in mind, and based on the literature review,” the
authors have chosen to optimize speed v. and feed f of
the production machines, as optimization parameters.

Production activities are accompanied by produc-
tion costs, costs occurring due to usage of all structural
elements of the production machining system starting
from labor, tools, the production machine, and means
of cooling and lubrication. These are all the elements of
the objective function which are directly related to the
costs of each production activity. Production costs are
related to the following:

e Labor costs

e Tooling costs

e Costs of the production machine

e (Costs of means for cooling and lubrication

They represent production costs.

As reliability, availability, and maintainability
(RAM) are functions of time, such that reliability is the
probability of zero failures over a defined time interval,
availability is the percentage of time a system is consid-
ered ready to use when tasked, and maintainability is
the measure of the time in which a system or equipment
can be restored to operational status following a fail-
ure,®* they are involved in time variables (tg, tpz, tl,
and t2) which are multiplied by certain coefficients
(k1i, k1 and k2) and in that way included in the cost
objective function (overall cost Co).

Based on these assumptions and on the empirical
results, a general experimentally developed objective cost
function at the Faculty of Engineering in Kragujevac for
each activity p has been obtained and presented as cost ¢,

,
Cp = nlty + 1y + b 1) Y ki
i

1 Cui 1
+ Z[(l’lklﬁ + koty + Py 1) Z:| (2)

i=1
CnP, SHP

1, t,
Fn6000 ¢~ 60 2

To include speed v. and feed f of the production
machines in the objective function, some modifications
have been made.

Having this in mind, mechanical time could be pre-
sented as

wDL
7 1000vef ®)

Also, for the purpose of optimization, Z, may be pre-
sented as

T
Zi= — (4)
Ig

Another modification referred to as tool resistance T’
depends on many influencing factors such as regime of
cutting, geometry of the tool, materials used to make
the workpiece and tool, type of tool, production line
activity, and cutting type. In constant production con-
ditions, the main parameters that have an influence on
tool resistance are feed of tool, cutting speed, and depth
of cut.%®> Having this in mind, the following empirical
equation has been obtained

G

T =
Vefay,

(5)

General constraint functions for each activity p
based on the experimental results and literature®® may
be presented as follows:

1. Tool cutting ability limits

Cyk,

m 4X
Tap

vef? <

2. Limits of production machine power

6120P,m

VS <
Cf Ckl kfa;‘

3. Tool resistance-based limitation

de

M <
f Ckl C()kfa;l

4.  Workpiece rigidity-based limitation

02EI

M <
f 0‘8,lLCkll?kfa;'

©)

5. Speed limitation based on the minimum number
of production machine spindle revolutions

’7TDnm,',,

>
Ve 71000

(10)
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6. Speed limitation based on the maximum num-
ber of production machine spindle revolutions

7Dy ax
Ve < 1000 (11)

7. Feed limitation based on the minimum feed of
the production machine

S > min (12)
8. Feed limitation based on the maximal feed of
the production machine

f<fmax (13)

Based on the general objective function and limita-
tions for each production activity, specific objective
functions may be obtained.

Step 5. The application of GA to optimize para-
meters of activities belonging to group A. The para-
meters that will be optimized are v. speed and f feed
of the production machines. The goal of the optimi-
zation is to minimize the cost ¢, of all production
line activities belonging to group A, or for all activi-
ties, if their number is not higher than 10.

If p<10, else
Min[A(c,)].

then Min[C, = >?_,¢], or

J

Step 6. Comparison of costs before and after optimi-
zation of selected production line processes. If the
results of the optimization are not satisfactory, opti-
mization may be repeated, until a satisfactory solu-
tion is found.

The model has been applied to three different pro-
duction processes. A model application is presented in
the following section.

Results and discussion

The model is tested on real-life data for three different
production line processes, which have been obtained
from manufacturing organizations. These three produc-
tion line processes have been used for fabrication of a
sleeve joint, special screw nut fabrication on a classic
lathe and CNC lathe. To optimize the cost of produc-
tion for these production lines, their activities have to
be identified.

The first step in the model is to identify operations in
the observed production line processes. The identified
activities used to make the sleeve joint and to make the
screw nut on the classic lathe and CNC lathe are given
in Tables 2—4.

From Tables 1-3, it can be concluded that there are
22 identified operations in the production line process
of the sleeve joint, 8 operations in the classical

Table 2. Technological activities used in production of the sleeve ball joint.

No. Type of operation No. Type of operation
10 One side alignment and other side drilling of metal piece 120 Marking labels and year series mark
20 Turning of external surface 130 Induction hardening of the inner surface
30 Inner sphere copying and alignment 140 Induction hardening of the outer surface
40 Teeth making with rolling process 150 Low relaxation
50 Cutting through channels for fuse 160 Control of the existence of cracks
60 Previous drilling to diameter d=81.3 170 Grinding of thread M 20 X |.5
70 Washing in the emulsion and exhaust with air 180 Grinding of diameter d =48 and forehead
80 Digging in six reliefs in the inner part with the 190 Grinding of diameter d =8|
purpose of facilitating the exit cutters
90 Preliminary and final milling of six lanes for balls 200 Grinding of sphere d=59.69
100 Chamfering the forehead of the six ball paths 210 Grinding of the six paths for balls
110 Washing in the emulsion and exhaust with air 220 Control of the existence of cracks

Table 3. Technological activities used in production of the special screw nut on the classic lathe.

No. Type of operation No. Type of operation
10 Workpiece pipe outer diameter grinding 50 Other side treatment to an exact measure
and cutting to a certain length
20 Internal processing of the hole and workpiece 60 Process of edge chamfering
shortening to certain measures
30 Shortening the workpiece on the premeasure 70 Nut channel and certain angle processing
40 Hole finishing to an exact measure 80 Process of threading




Eric et al.

Table 4. Technological activities used in production of special screw nut on the CNC lathe.

No. Type of operation

No. Type of operation

10 Workpiece pipe cutting to a certain
length, transversal processing, internal
hole processing, and chamfering

20 The second operation consists of processing on

the other side by transversal processing
to a certain measure, longitudinal processing to a

process certain measure, nut channel processing to a
certain measure, the chamfering process, and the
last activity is groove milling for the key. The
role of the groove is to allow twisting of the nut
by the special key

Costs

95 % 4Fl:l:l=7 f
67.5%

Operation 40
Operation 90
Operation 20
Operation 100
Operation30
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Operation50
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Figure |I. ABC cost-sharing analyses of the sleeve joint production process.

production process of the screw nut, and 4 operations
in the CNC production process of the screw nut.

Having this in mind, the authors have used the ABC
classification method and the experimentally developed
objective cost function to determine which operations
have to be optimized in sleeve joint production; opera-
tions in both processes of screw nut production are the
subject of the optimization process, because their num-
ber is not greater than 10.

Using ABC cost analyses and the experimentally
developed objective cost function in sleeve joint pro-
duction of each individual activity, the cost results have
been obtained and they are shown in Figure 1.

From Figure 1, it can be concluded that the largest
costs (67.5%) are associated with five operations
belonging to group A, which represent 22% of all oper-
ations in sleeve joint production. The number of opera-
tions belonging to groups B and C is consequently
higher, but costs associated with these operations are

smaller. Therefore, the parameters for these operations
will not be optimized.

Operations belonging to group A that have been
optimized are as follows:

1. 40—Teeth making by a rolling process
2

90—Preliminary and final milling of six lanes
for balls

20—Turning of the external surface

4. 100—Chamfering the forehead of the six ball
paths

5. 30—Inner sphere copying and alignment

(9]

Generally, the activities that need to be optimized in
the observed production line processes are rolling,
milling, and turning activities. The rolling process may
be applied to large volume production. It is usually used
for gear teeth making by imprinting the gear profile into
the workpiece with a simultaneously rotating tool.
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Table 5. Constant parameter values for all observed production processes.

Parameter Value Parameter Value Parameter Value Parameter Value

p () 5.55 m (=) 0.18 ke () 0.4 E (N/mm?) 22X 10°
q(-) 1.67 x(-) 0.15 (o (kN/mmz) 300 I (mm4) 88,408
r(-) 0.83 x; (=) 1.0 Ryg (kN/mmz) 140 ©-) 173

C () 292 y (- 0.3 G () 0.03 Iy (mm) 130

k, () 0.688 y1 (5 0.75 8, (mm) 1.2

Table 6. Parameters for equations used in optimization of the sleeve joint production process.

Parameter Operation 40 Operation 90 Operation 20 Operation 100 Operation 30
n(-) 1.13 1.14 .14 1.13 I.14
k; (EUR/min) 0.034 0.04 0.04 0.034 0.04
t, (min) - - - - 0

tp, (min) - - - - -

tpg (min) - - - - -

Ca1 (EUR) 60 15 I5 15 4.15
Ca2 (EUR) - - - - 10

i () 0 0 0 0 0
() - - - - 0

t; (min) - - - - -

t, (min) - - - - -

k, (EUR/min) - - - - -

Z, () 50 40 I5 40 70

Zy () - - - - 70

G () 1.4360e + 06 3.7685e + 05 1.3091e + 07 2.1531e + 08 1.032% + 14
C (EUR) 15,000 3000 1000 2500 20,000
P, (%) 10 10 12 10 10

n (%) 0.7 0.85 0.78 0.88 0.85
SHP (EUR) 0.0916 0.0916 0.0916 0.083 0.083
D (mm) 50 65 90 60 80

L (mm) 52 30 142 27 137

a, (mm) 0.5 0.5 0.5 0.5 0.5/0.5
F (h) 3000 3000 3000 3000 2000
P (kW) 15 7 4 6 20
Nmin (0/min) 20 20 20 20 20
Nmax (0/min) 2000 200 100 400 3000

Milling and turning as basic production processes
are widely used in a range of mechanical product reali-
zations. The costs of these processes play a key role in
a competitive market.®’

Tables 5-8 present the values in the production
activities used in equations (2)—(13) to determine the
optimal values of speed v. and feed f for production
activities in all three production line processes.

The presented parameter values have been entered
in the experimentally developed objective cost function
and limitation functions. The experimentally developed
objective cost functions for every activity that has been
optimized in all three production process cases are as
follows:

1. Sleeve joint production activities objective
functions:

Teeth making by a rolling process

0.3358

Ve

+ 1.9188 X 10714537067 (14)

Cq0 =

Preliminary and final milling of six lanes for balls 90

0.2902
vef

Turning of external surface 20

cop = + 1.3710 X 10744557067 (15)

1.894
en = +2.5866 X 10y 53,067 (16)

Chamfering the forehead of the six ball paths 100

0.203

Ve

100 = +1.9935 X 107 w3067 (17)
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Table 8. Parameters for equations used in optimization of the CNC screw production process.

Other side treatment to an exact measure

Parameter Operation 10 Operation 20
n (=) 1.3 1.3
ky, (EUR/min) 0.0372 0.0372
ty12345 (min) 0305 0315 0.248 0.158 0.458 0.1 0.062
tpe12345 (Min) 0305 0315 0.248 0.158 0.458 0.1 0.062
tpd1,2,3,4,5 (Min) 0305 0.315 0.248 0.158 0.458 0.1 0.062
Cai2345 (EUR) 82728 8.6377 30.825 8.2723 8.2723 10.353 11.317
2345 () 2 2 3 2 2 | 2
t; (min) 2 2
t (min) 0 0
ky (EUR/min) 491 491
Zi234s () 21 5 45 18 28 71 9
Ciinzas ) 1.6288e + 10 1.4768e + 10 2.063le + [0 65706 + 09 3.2954e + 08 5.376le + 10 2.3412e + 09
C.» (EUR) 73080.00 56129.50
P, (%) 10 10
(%) 0.75 0.75
SHP (EUR) 0.0l 0.0l
Diz34s(mm) 1175 110 110 110 109 109 70
Lizs4s (mm) 205 19.5 19 9.5 9.6 75 651
a, (mm) 1.5 1.5
F (h) 1800 1800
P, (kW) 5 5
Nmin (0/min) 20 20
Nimax (0/min) 2000 2000
Inner sphere copying and alignment 30 Cso = 0.5150 + 2.4293 X 10712v§,55f0.67 (23)
1.6844 —12, 455 70.6
€30 = +2.6522 X 10 v, Al (18) Process of edge chamfering
0.4999
Cce0 = + 7.8548 X 107 13y423 7067 (24)
2. Screw production activities objective functions:
' . ) o ' Nut channel and certain angle processing
Workpiece pipe outer diameter grinding and cutting
to a certain length 0.3944
£ er0 = +5.0937 X 107114557067 (25
14907 v
_ L —12, 4.55£0.67
€10 +9.0145 X 1075, (19) Process of threading
‘Internal prpcessing of the hole and workpiece short- e = 0.0413 +9.1394 X 107124557067 (26)
ening to certain measures ¢
1.146
= —— +5.0332 X 10712435067 . -
€20 vef 3:0332> 107 v (20) 3. CNC screw production activities’ objective
functions:
Shortening the workpiece to the premeasure
0.9986 Workpiece pipe cutting to a certain length, transver-
c3 = — + 2.6529 X 10’12v‘c‘,'55f 0.67 (21)  sal processing, internal hole processing, and the cham-
fering process
Hole finishing to an exact measure
1.2977 1.1606
clo = + 1.8478 X 1007 + v
0.9986 Vel/l Veaf2
a0 = + 1.3305 X 107123557067 (22)

++4 1.9002 X 1029433 (67 (27)

In the second operation, processing on the other side
is done by transversal processing to a certain measure,
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Table 9. Limitation parameters for optimization of the sleeve joint production process.

Limitation Operation 40 Operation 90 Operation 20 Operation 100 Operation 30
v FO3 < 239.6 239.6 239.6 239.6 239.6

v f27° < 594.17 336.69 176.55 298.78 1018.58

FO75 < 43.14 43.14 43.14 43.14 43.14

£O75 < 670.67 670.67 670.67 670.67 670.67

v, > 3.14 482 5.652 3.768 5.024

ve < 314 40.82 28.26 75.36 753.6

f> 0.15 0.15 0.15 0.15 0.15

f< 15 9 17 14 12

Table 10. Limitation parameters for optimization of the classical screw production process.

Limitation =~ Operation 10 Operation 20 Operation 30 Operation 40 Operation 50 Operation 60 Operation 70 Operation 80
v O3 < 113.3756 110.56 99.64 119.80 119.80 119.80 119.80 119.80
v .7 < 765 84.42 32.78 114.75 114.75 114.75 114.75 114.75
FO75 < 25.93 2222 11T 38.88 38.88 38.88 38.88 38.88
o7 < 221.32 189.7 94.85 331.98 331.98 331.98 331.98 331.98
Ve > 753.6 734.76 690.8 690.8 697.13 697.13 697.13 697.13
Ve < 7.536 7.3476 6.908 6.908 6.9713 6.9713 6.9713 6.9713
f> 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
f< 2 2 | | I I I 2
longitudinal processing to a certain measure, nut chan-  Table I1. Parameters for equations used in optimization of the
nel processing to a certain measure, the chamfering pro- CNC screw production process.
cess, thread cutting, and Groove milling for the key
Limitation Operation 10 Operation 20
20 = 1.0896/(verfi) + 4.619210 v, 1% v FO3 < 113.3756 113.3756
—9. 4.55,0.67 0.75 . .
+ 0.5448 /(verfy) ++ 1.9956 X 10~y 353 ;cOI;S < ;§g3 2233
+ 0.5455/(vaf3) o7 < 221.32 221.32
—8., 4.55,0.67 Ve > 753.6 753.6
1 3.9843 X 107 %372/ + 0.4262/(veafs) v < 7536 7536
+ 3.5252 X 10710331287 + 0.2376 / (v.sfs) ;;> (I).o4 <|).o4
<

+ 4.9249 X 107y 3221007 (28)

The limitations for the tool have the form of each of
the optimizations presented in Tables 9-11.

After defining the experimentally developed objec-
tive cost function and limitations for each production
process which will succumb to the optimization based
on the algorithm (Step 4), GA toolbox in a MATLAB
environment for optimization has been used. The
defined optimization functions and limitations were
entered in a suitable form for GA toolbox.

As already pointed out, in the literature there have
been numerous examples of the GA application in opti-
mization problems, but the number of related studies
on the time complexity of these algorithms is relatively
low. The GA performance is mostly measured by the
number of fitness function evaluations while the algo-
rithm operates. In this article, the number of fitness
function evaluations is calculated as the product of

population size and number of generations. However,
for exponentially scaled problems, as in the problem
observed in this article, the literature proposes that
time complexity function should be of quadratic type.®®
In the MATLARB, if the population size is a vector of
length greater than 1, the algorithm will create multiple
subpopulations. Each entry of the vector specifies the
size of a subpopulation.®® Therefore, since the popula-
tion size and used dataset grow, the problem size also
grows, meaning that subsequent iterations take more
time for the fitness evaluation. Having this in mind, for
the observed variables and dataset, the time complexity
may be labelled as O(n?), similar to Ephzibah.”® This
means that polynomial time of degree is equal to 2 for
this type of problems. MATLAB GA optimization
parameters and their values: population size = 50,



14

Advances in Mechanical Engineering

crossover = 0.5, mutation = 0.5, and number of gen-
erations = 100 are used.

If the population size is too small, for the algorithm
it would be difficult to get the near-optimal solution,
but on the other hand for large population size it would
require a lot of calculation time. Based on the literature
review,>® population size is normally between 40 and
60; in this article, the authors have chosen the initial
population size of 50 individuals, as a value just
between the recommended values. If a too low cross-
over value is selected, for the algorithm it would be
hard to search forward, but if the value is too high it
may damage best individuals in the current population.
The literature'® suggests crossover value to be in
between 0.3 and 0.9. Having this in mind, the authors
have chosen crossover value just little lower than the
value in between the proposed values, so that best indi-
viduals in the current population would not be dam-
aged. Also, if the mutation value is considered, if it is
too low it would be hard to introduce new individuals
to the population, but if it is too high algorithm it
would search randomly. It is recommended that this
value be in between 0.01 and 0.2.'® In this article, the
authors have chosen the value of 0.05, in order not to
have a large randomness in a population.

The number of generations is chosen based on the
literature;’" it proposes that the best number of genera-
tions should be determined as the desired number of
function evaluations divided by the population size.

If greater number of generations of the GA is used,
other near-optimal solutions can be obtained, but other
better results would require more computational time.
After calculations were performed, the obtained results
for all equations of the experimentally developed

objective cost functions in the sleeve production activi-
ties are presented in Figure 2, alongside the real costs
obtained within ABC cost-sharing analyses.

From Figure 2, it may be concluded that usage of
parameters with the optimal values in the sleeve joint
production process will reduce costs for all activities in
group A of the ABC classification.

The optimal parameter values and costs, compared
with experimental data for all the observed production
process activities, are presented in Tables 12-14.

The compared values’ optimal and experimental
data for production process parameters show that GA
gave optimal results for sleeve joint production activi-
ties’ parameters, which may reduce costs by 38.47% for
group A from the ABC cost-sharing analyses. Other
cost groups were not the subject of consideration for
optimization because costs of these operations are not
significant, and their optimization would be time-con-
suming, so it would not be effective.

Similar results have been obtained using GA for
optimization of classical and CNC production process
parameters. The optimal parameter values may reduce
production costs by 63.22% in the classical and 47.32%
in the CNC production processes. It may be concluded
by comparing the optimal parameter values and experi-
mental data that small changes in parameter values
may greatly reduce costs in production line processes,
especially in large series production.

Conclusion

The literature review showed that modern production
processes present an interesting field for optimization

Costs y

95 %

67.5%

=

Operation 40
Operation 90
Operation 20
Operation 100
Operation30
Operation 80
Operation50
Operation60
Operation 210
Operation 10

Operation 170

Operation 180
Operation 200
Operation 190
Operation 220
Operation 150
Operation 120
Operation 130
Operation 140
Operation 160
Operation 70

Operation 110
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Figure 2. Comparison of costs of experimental data and the costs obtained after optimization.
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Table 12. Extracted comparison of the optimization results with experimental data for sleeve joint production.
Operation Optimized Experimental data
Ve f Cost Ve f Cost
40 7 0.5 0.940 5.87 2.7928 1.2205
90 6.2 0.565 0.3931 7.29 0.1866 0.5883
20 5.625 3.365 0.249 6.64 3.04 0.3938
100 25 14 0.109 28.63 0.2%961 0.3910
30 53.26 8.8 0.053 332.94 0.1295 0.2412
Total price 1.7441 Total price 2.8348
Table 13. Extracted comparison of the optimization results with experimental data for the classical screw production process.
Operation Optimized Experimental data
Ve f Cost Ve f Cost
10 149.445 1.533 0.1008 221 0.2490 0.1925
20 187.281 0.457 0.0570 238 0.2237 0.1433
30 181.782 0.354 0.0408 278 0.1405 0.1221
40 119.716 0.945 0.0125 279.774 0.1791 0.077
50 114.984 0.997 0.0103 202.216 0.2429 0.0402
60 158.763 0.391 0.0124 288 0.1755 0.0478
70 109.154 0.156 0.0507 162.495 0.0799 0.1379
80 97.318 1.246 0.0118 164.85 0.25 0.0450
Total price 0.2963 Total price 0.8058
Table 14. Extracted comparison of the optimization results with experimental data for the CNC screw production process.
Operation  Optimized Experimental data
Ve F Cost Ve f Cost
10 45.5/60 0.4/0.35 0.2774  65.69/69 0.25/0.3 0.4692
20 45.2/56.2/25.6/46.5/60.07  0.42/0.3/0.22/0.35/0.3535  0.739 58.7/69/34/85.5/77  0.3/0.2/0.14/0.2/0.2  1.4605
Total price 1.0164 Total price 1.9297

methods’ application. Optimization gave good results
for optimization of influential parameters. The motive
for the use of modern optimization methods occurs out
of necessity to solve complex problems with opposite
goals and limitations, which cannot be solved by classi-
cal optimization methods.

In this article, the authors have presented the use of
a model based on the ABC method to classify produc-
tion line process costs based on an experimentally
developed objective cost function and a GA optimiza-
tion model to minimize production line process costs. A
common application of the ABC method and GA is the
first contribution of this article; the second contribution
is the use of experimentally developed objective cost
functions. The model has been used in three production
lines, one with a larger number of production processes
and two with a smaller number of production processes.
A general experimentally developed objective cost

function used within the optimizing is the result of the
experiences in real production conditions of researchers
at the Faculty of Engineering in Kragujevac.

It has been shown that the used model with experi-
mentally developed objective cost functions gave good
optimal results for all three production lines; it showed
that the optimal parameter values may reduce produc-
tion costs from 38% to 63%. It may be concluded that
as a heuristic method which does not observe the objec-
tive function from only one point, but from different
points in a defined search space, GA represents a reli-
able tool for determination of the optimal parameter
values for production processes.

Unlike traditional optimization methods, with deter-
ministic rules, GA uses probabilistic rules of parameter
values’ selection from a search space allowing it to
overcome the sets of defined nonlinear constraints. In
this way, it overcomes being “trapped” in the sub-local
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search space of the objective function and finds a glo-
bal optimal solution in a greater search space.

The used mathematical approach based on ABC
classification, the experimentally developed objective
cost function, and GA optimization provides near-
optimal solutions, and it may be used for the selection
of the parameter values in complex mechanical parts’
production, with a large number of constraints. The
limitations of this model are related to the selected pro-
duction line processes based on milling, turning, rolling,
and drilling, that is, to the operations that are based on
rotation and for which a defined global objective func-
tion may be used. Further research will be conducted in
a direction that should include additional production
processes and additional production parameters to be
optimized. Finally, integration of the proposed model
with intelligent production systems may lead to produc-
tion costs’ and time reduction, and product quality
improvement.
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