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Abstract: Nowadays, manufacturing systems are much larger with an increasing number of production lines and units. As a result, the
decision-making of manufacturing system is a non-trivial problem and requires complex control subsystems. The use of Programmable Logic
Controllers (PLCs) allows to program various and non-standard solutions. In the paper the application of Multi-Attribute Decision-Making
(MADM) methods to a decision-making related to flow control in a manufacturing system with three production lines is described. For this
purpose, the SAW (Simple Additive Method), WASPAS (Weighted Aggregated Sum Product ASsessment) and TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) methods are applied and simulated with using manufacturing system model in Matlab Simulink
and SimEvents. In methods subjective weights defined by an expert are used. However, in order to move away from subjectivism, Shannon’s
entropy is used for determining weights of criteria. The used approaches have been compared.
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(Simple Additive Method) [7], WASPAS (Weighted Aggregated
Sum Product ASsessment) [8] and TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) [6]. The above methods
use weights in order to place preference of criteria during the choice
of optimal alternative. As it was shown in [9] determination of
criteria weights is a key task in decision-making process. In order to
move away from subjectivism, in the article, apart from subjective
weights Shannon’s entropy [10] was used to determine criteria
weights.

1. Introduction
Manufacturing system is a set of elements related to
manufacturing processes. It consists of deliberately designed and
organised material, energetic and information systems used for
production of defined products to fulfil the needs of consumers [1].
As a result of manufacturing activity new use values appear. From
technical and organisation perspective, the manufacturing process is
adjustment and transformation of work into a product made with the
use of the means of work (machines) with or without the
participation of human workforce. Those factors are tightly
connected and a change of one results in change of another element
[1], which, subsequently, may cause a change in use values. From
this perspective, information and decision-making processes are
important elements in the manufacturing process. Their aim is to
submit complete information to systems and later making decisions
based on the choice of an optimal decision variant with an assumed
decision criterion which is advantageous for the manufacturing
system.

The remainder of the paper is organized as follows. In section 2
calculation procedure for SAW, WASPAS and TOPSIS methods is
presented. Moreover, steps for establishing criteria weights with
reference to Shannon’s entropy are described. Section 3 refers to
problems of decision-making in manufacturing system. The object
of research and its simulative model are described as well as the
structure of decision-making process are presented. Simulation
results and discussion concerning the comparison of used methods
can be found in section 4. Section 5 summarises the research done.

2. Chosen MADM methods

Decision-making processes may be considered in relation to
manufacturing process management but not only. Decision-making
process may be also considered as a control process in basic and
supportive processes – technological operations in simple machine
systems, transport operations, and storage operations, etc. Decision
criterion which is advantageous for one subsystem may be
disadvantageous for another subsystem or for superior control
process. Hence, in this article multi-criteria approach to decisionmaking in production process was considered. A single decisionmaking process may than consist of criteria adjusted for a single
subsystem but it may also consider general criteria adjusted do the
management process. They may be simple criteria (e.g. machine
activity, processing time on a machine) or complex criteria, which
are a result of calculations based on information from different
systems or being system/ subsystem productivity indicators.

MADM methods relate to making preferential decisions
concerning choice, assessment or ranking of decision alternatives in
relation to chosen decision criteria. Assessments (values) of each
alternative in relations to criteria are most often presented in the
form of decision (evaluation) matrix 𝑋𝑋 = (𝑥𝑥𝑚𝑚𝑚𝑚 )𝑀𝑀𝑥𝑥𝑥𝑥 (Table 1). In
Table 1 𝑥𝑥𝑚𝑚𝑚𝑚 is the evaluation of mth (𝑚𝑚 = 1, … , 𝑀𝑀) alternative in
relations to nth (𝑛𝑛 = 1, … , 𝑁𝑁) criterion, however 𝑤𝑤𝑛𝑛 is the weight of
nth criterion. Criteria weights, following the requirement
∑𝑁𝑁
𝑛𝑛=1 𝑤𝑤𝑛𝑛 = 1, may be determined subjectively or using objective
method (e.g. Shannon’s entropy).
Table 1: Structure of decision matrix
Criterion 1
Criterion 2
Alternative 1
𝑥𝑥11
𝑥𝑥12
Alternative 2
𝑥𝑥21
𝑥𝑥22
…
…
…
Alternative M
𝑥𝑥𝑀𝑀1
𝑥𝑥𝑀𝑀2
Weights
w1
w2

Decision-making in multi-criteria approach is the aim of MultiCriteria Decision-Making (MCDM) methods. In case of a finite
number of alternatives (variants) Multi-Attribute Decision-Making
(MADM) methods can be used. MADM methods determine
procedures of processing information concerning alternative
assessment in controlling in relations to a set of criteria. It is
performed in order to establish a ranking of solutions and best
choice. Within the above approach, a wide range of methods can be
distinguished [2-6]. In the article three MADM methods are
presented and compared while used to decision-making of particular
subsystem in automated manufacturing system. This subsystem
relates to controlling a trolley and particularly to define trolley’s
destination. Due to their popularity and minimization of needed
expert knowledge the following methods have been chosen: SAW

…
…
…
𝑥𝑥𝑚𝑚𝑚𝑚
…
…

Criterion N
𝑥𝑥1𝑁𝑁
𝑥𝑥2𝑁𝑁
…
𝑥𝑥𝑀𝑀𝑀𝑀
𝑤𝑤𝑁𝑁

Subsequent steps of calculation procedure of final alternatives’
ranking depend on the method used.
SAW method
The SAW method was used for the first time in [7] as a method
for solving the portfolio selection problem. The main procedures to
find the scores of the alternatives using SAW can be as follows.
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1. Determine the normalized decision matrix 𝑅𝑅 = (𝑟𝑟𝑚𝑚𝑚𝑚 )𝑀𝑀𝑀𝑀𝑀𝑀 in the
following way:
𝑥𝑥 𝑚𝑚𝑚𝑚

max 𝑛𝑛 𝑥𝑥 𝑚𝑚𝑚𝑚
𝑥𝑥 𝑚𝑚𝑚𝑚

𝑟𝑟𝑚𝑚𝑚𝑚 = �
1−

max 𝑛𝑛 𝑥𝑥 𝑚𝑚𝑚𝑚

𝑖𝑖𝑖𝑖

𝑛𝑛 ∈ 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏

𝑖𝑖𝑖𝑖

𝑛𝑛 ∈ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

,

𝑁𝑁
+
−
+ 2
− 2
𝑑𝑑𝑚𝑚
= �∑𝑁𝑁
𝑛𝑛=1 (𝑣𝑣𝑚𝑚𝑚𝑚 − 𝑣𝑣𝑛𝑛 ) and 𝑑𝑑𝑚𝑚 = �∑𝑛𝑛=1(𝑣𝑣𝑚𝑚𝑚𝑚 − 𝑣𝑣𝑛𝑛 ) . (11)

5. Determine the relative closeness of 𝑚𝑚th alternative to the ideal
solutions 𝑆𝑆 + and 𝑆𝑆 − in the following way:

(1)

where 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 is the set of benefit criteria, 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the set of cost
criteria. For benefit criterion the highest value of alternative
evaluation is preferred whereas for cost criterion – contrary – the
lowest value.

(2)

𝑄𝑄𝑚𝑚 = ∑𝑁𝑁
𝑛𝑛=1 𝑣𝑣𝑚𝑚𝑚𝑚 .

(3)

From the perspective of information and decision-making
processes in manufacturing systems as well as any other decisionmaking process, assessment criteria may have different meanings,
hence criteria weights are not equal. Determining proper weights is
the main and at the same time difficult stage in decision-making
process. In literature, there can be found a division into two groups
of methods of weights determining: subjective and objective
methods. In case of large amount of data and automated objects the
use of subjective methods is difficult or undesirable. In this case the
use of subjective methods such as: entropy method, multiple
objective programming [12], etc can be considered.

WASPAS method was presented in [8] as an approach
combining Weighted Sum and Weighted Product Models (WSM
and WPM). Zavadskas et al. suggested that accuracy of WASPAS
method is more advantageous than using only WPM or WSM.
Stages of WASPAS method are presented below.

In the article, in order to determine the importance of criteria the
concept of Shannon’s entropy [10] was used. It plays an important
role in information theory and is used for determining general
uncertainty measures [13]. Original procedure of calculating
weights on the basis of Shannon’s entropy is as follows.

1. Determine the weighted sum model (WSM): aggregate the total
relative importance of 𝑚𝑚th alternative in the following form:
(1)

𝑄𝑄𝑚𝑚 = ∑𝑁𝑁
𝑛𝑛=1 𝑤𝑤𝑛𝑛 ∙ 𝑟𝑟𝑚𝑚𝑚𝑚 ,

(4)

1. Calculate the normalized decision matrix 𝑃𝑃 = (𝑝𝑝𝑚𝑚𝑚𝑚 )𝑀𝑀𝑀𝑀𝑀𝑀 , where:

where 𝑟𝑟𝑚𝑚𝑚𝑚 is calculate using the formula (1).

𝑥𝑥 𝑚𝑚𝑚𝑚

𝑝𝑝𝑚𝑚𝑚𝑚 = ∑𝑀𝑀

𝑚𝑚 =1 𝑥𝑥 𝑚𝑚𝑚𝑚

2. Determine the weighted product model (WPM): aggregate the
total relative importance of 𝑚𝑚th alternative as follows:
(2)
𝑄𝑄𝑚𝑚

=

𝑤𝑤 𝑛𝑛
∏𝑁𝑁
𝑛𝑛=1 (𝑣𝑣𝑚𝑚𝑚𝑚 ) .

(5)

3. Calculate the total importance of 𝑚𝑚th alternative in the following
form [8,11]:
where

𝑄𝑄𝑚𝑚 = 𝜆𝜆 ∙

TOPSIS method

(1)
𝑄𝑄𝑚𝑚

𝜆𝜆 =

+ (1 − 𝜆𝜆) ∙

(2)
𝑄𝑄𝑚𝑚 ,

(2)

∑𝑀𝑀
𝑚𝑚 =1 𝑄𝑄𝑚𝑚
(1)

(2) .

𝑀𝑀
∑𝑀𝑀
𝑚𝑚 =1 𝑄𝑄𝑚𝑚 +∑𝑚𝑚 =1 𝑄𝑄𝑚𝑚

𝜆𝜆 ∈ [0,1],

(6)

.

(13)

2. Determine the entropy ℎ𝑛𝑛 (𝑛𝑛 = 1, … , 𝑁𝑁) as follows:

ℎ𝑛𝑛 =-ℎ0 ∑𝑀𝑀
(𝑝𝑝𝑚𝑚𝑚𝑚 ),
𝑚𝑚 =1 𝑝𝑝𝑚𝑚𝑚𝑚 ∙ 𝑙𝑙𝑙𝑙

(14)

where ℎ0 as the entropy constant is equal to
ℎ0 = 1/(ln 𝑀𝑀).

(15)

3. Determine the objective weights 𝑤𝑤𝑛𝑛 (𝑛𝑛 = 1, … , 𝑁𝑁) based on the
Shannon’s entropy concept:
𝑤𝑤𝑛𝑛 = ∑𝑁𝑁

1−ℎ 𝑛𝑛

.

𝑛𝑛 =1(1−ℎ 𝑛𝑛 )

(7)

(13)

3. Problem of decision-making in the flow of
manufacturing system

TOPSIS method, proposed by Hwang and Yoon [6], is one of
the most popular methods. It consists in comparison of weighted
reference solutions: the positive ideal solution and the negative
ideal solution. The total importance of alternatives is calculated by
measuring simultaneously their distances from the positive ideal
solution and the negative ideal solution. The steps of TOPSIS are as
follows.

The problem of decision-making in production process may be
considered on different hierarchy levels. First level consists of
machines: programmable controllers, controllers for CNC
machines, robots, means of transport, etc. It is the operative control.
Second level consists of decision-making in work cell and
production line. These are: inspections and statistical process
control, materials handling, part sequencing etc. Third level
concerns factory floor, that is management process: materials
management, maintenance management, quality management etc.
Higher levels of decision-making consist of planning strategic
controlling processes on the plant and distribution level.

1. Calculate the weighted normalized decision matrix 𝑉𝑉 =
(𝑣𝑣𝑚𝑚𝑚𝑚 )𝑀𝑀𝑀𝑀𝑀𝑀 using the formula (2).
2. Determine the positive ideal solution 𝑆𝑆 + :

𝑆𝑆 + = (𝑣𝑣1+ , 𝑣𝑣2+, … , 𝑣𝑣𝑁𝑁+ ) =
{(max𝑚𝑚 𝑣𝑣𝑚𝑚𝑚𝑚 | 𝑛𝑛 ∈ 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 ), (min𝑚𝑚 𝑣𝑣𝑚𝑚𝑚𝑚 | 𝑛𝑛 ∈ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )},
(9)

In this article the issue of decision-making on the first level of
hierarchy is considered. It concerns the control of the flow of work
pieces in PVC (Poly(Vinyl Chloride)) windows manufacturing
system with the use of a transport trolley. The details of the problem
are presented below.

where 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 is the set of benefit criteria, 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the set of cost
criteria.
3. Determine the negative ideal solution 𝑆𝑆 −:
{(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣𝑚𝑚𝑚𝑚 | 𝑛𝑛 ∈ 𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 ), (max𝑚𝑚 𝑣𝑣𝑚𝑚𝑚𝑚

(12)

Determination of criteria weights with the use of Shannon
entropy

3. Aggregate the total relative importance of 𝑚𝑚th alternative as
follows:
WASPAS method

.

The last stage of these methods is the ranking of the alternatives
according to their calculated value 𝑄𝑄𝑚𝑚 . The best alternative is the
alternative with the largest value 𝑄𝑄𝑚𝑚 .

2. Calculate the weighted normalized decision matrix 𝑉𝑉 =
(𝑣𝑣𝑚𝑚𝑚𝑚 )𝑀𝑀𝑀𝑀𝑀𝑀 using the weights values (𝑤𝑤𝑛𝑛 , n = 1,…,N) as follows:
𝑣𝑣𝑚𝑚𝑚𝑚 = 𝑤𝑤𝑛𝑛 ∙ 𝑟𝑟𝑚𝑚𝑚𝑚 .

−
𝑑𝑑 𝑚𝑚
+
−
𝑑𝑑 𝑚𝑚 +𝑑𝑑 𝑚𝑚

𝑄𝑄𝑚𝑚 =

Problem formulation

𝑆𝑆 − = (𝑣𝑣1− , 𝑣𝑣2− , … , 𝑣𝑣𝑁𝑁− ) =
(10)
| 𝑛𝑛 ∈ 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 )}.

The manufacturing system contains three concurrent and
independent welding and cleaning lines (WCLs) and three assembly
and treating lines (ATLs). The trolley, located between WCLs and
ATLs, transports work pieces from one of the production lines

4. Calculate the distances of each alternative from the positive ideal
+ ) and from the negative ideal solution 𝑆𝑆 −
−
solution 𝑆𝑆 + (𝑑𝑑𝑚𝑚
(𝑑𝑑𝑚𝑚
):
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(WCLs) to the appropriate ATL. The problem in question consists
in the development of a flow control algorithm for the trolley,
which specifies the trolley’s destination (the appropriate ATL) [9].

4. Results and discussion
MADM method with subjective weights of criteria
In the simulation, the parameters are calculated according to
criteria C1-C4. These parameters can be used at the same time as
criteria for the evaluation of the MADM method. The results of the
simulation depend on the values of weight vector 𝑤𝑤 = {𝑤𝑤𝑛𝑛 , 𝑛𝑛 =
1, … , 𝑛𝑛} for production line evaluation criteria. In this paper we
present
three
different
subjective
weight
vectors:
𝑤𝑤 = {0.1, 0.4, 0.4, 0.1}, which indicates that balancing the
workloads of a production line is more important than minimizing
the waiting time on a production line; 𝑤𝑤 = {0.25, 0.25, 0.25, 0.25},
which indicates that all the criteria are equivalent; 𝑤𝑤 =
{0.4, 0.1, 0.1, 0.4}, which indicates that balancing the workloads of a
production line is less important than minimizing the waiting time
on a production line.

Structure of decision-making process
Flow control algorithm may be considered in the form of
structure of decision-making process, where three ATLs (ATL1ATL3), which are trolley’s destination, are alternatives in MADM
methods. Criteria for decision-making process are shown in Fig.1.

Figure 3 present the results of the simulation using the three
weight vectors, on the example of the SAW method. In the
simulation we calculate both the workloads of the ATLs and the
standard deviation of the workloads, taking into account all three
ATLs. Fig. 3 shows that higher weights for criterion C2 (the ATL
workload) and criterion C3 (the arithmetic mean waiting time of an
ATL) result, in fact, in a better balancing of ATL workloads, but
they also increase the mean waiting times of a work piece in the
buffer just before the ATLs. Therefore, the application of MADM
methods together with criteria weights allows for the individual
adjustment of the control. The importance of the criteria can differ
depending on the investor.

Fig. 1 The structure of decision problem for trolley in the manufacturing
system (cf. [14])

Simulation model
To verify methods’ efficiency a model of analysed
manufacturing system has been created with the use of Matlab
Simulink with SimEvents (see Fig. 2). Model consists of the
following: workstations (units) within WCLs i ATLs (U1-U3),
supporting buffers before ATLs, trolley and a trolley’s controller. In
order to make comparative analysis, the controller bases
subsequently on three methods: SAW, WASPAS and TOPSIS.
Controller at the input uses signals (information) coming from
buffers and units U1-U3 and generates output concerning the
destination of a work piece in the trolley (appropriate ATL). Signals
from units are saved during the whole simulation and on its basis
complex, average parameters are calculated. They are used as
criteria in control process.

Fig. 3 The comparison of SAW method with the various vectors of subjective
weights

The SAW, WASPAS and TOPSIS methods have been
compared also with other dispatching rule, such as a simple method
in which the first non-blocked ATL is used. In the analysis,
𝑤𝑤 = {0.1, 0.4, 0.4, 0.1} is used as the vector of criteria weights. Fig.
4 shows a comparison of the parameter values which are the
aggregations of ATL parameters.

Fig. 2 Model of manufacturing system in the Matlab Simulink (cf. [9])

Fig. 4 The comparison of MADM methods and a method in which the first
non-blocked ATL is used
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Simulations using these methods indicate that the best
production parameters are those obtained with WASPAS. In this
method, the standard deviations of the line workloads are similar to
those in the other MADM methods, but the means of mean waiting
times of a work piece in ATLs are the lowest. One can also consider
the application of TOPSIS; its results are comparable with those of
WASPAS for some criteria weights. In this case of flow control,
one should not apply the rule of using the first non-blocked ATL.

The analyzed methods have been compared. The WASPAS
method turns out to be the best in the analyzed case: the flow of the
manufacturing system is optimal for the presented criteria. The
results obtained are close to those of the round robin method but
WASPAS can be effectively used in diversified production, which
requires adapting to changing conditions and production
requirements.
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In order to move away from subjective decisions in automated
system, analysis considers using also weights basing on Shannon’s
entropy. Fig.5 presents the comparison of SAW, WASPAS and
TOPSIS methods, which use the objective weight vector. On the
basis of diagrams it can be stated that due to the mean waiting times
of a work piece in the buffer just before the ATLs, SAW and
WASPAS methods are more effective, especially at the beginning
of manufacturing system operation. From the perspective of two
subsequent criteria (the standard deviation of the workloads, the
arithmetic mean waiting time of an ATL), it is difficult to say about
visible advantage of any of the methods.

Fig. 5 The comparison of MADM methods with weights based on Shannon
entropy

Analysed average parameters for manufacturing system
(analyses results) for methods with weights based on Shannon
entropy are better that in the case of using methods with subjective
weights. In a particular case of preference of any of the criteria the
value of this parameter (criterion) is advantageous for
manufacturing system, however, the remaining parameters are less
advantageous.
In
case
of
equality
of
criteria
(𝑤𝑤 = {0.25, 0.25, 0.25, 0.25}), all analysed parameters are on
average level whereas for objective weights the values of analysed
parameters are comparable or more advantageous than in case of
subjective equivalent criteria.

5. Conclusion
The case study shows that the older MADM methods (SAW,
TOPSIS), as well as the new WASPAS method can be used with
success as decision-making methods for a transport trolley. The
methods presented here are not computationally complex, hence
they can be readily used in PLC programming. The application of
the multi-criteria approach allows to take into account criteria for
machines (units) and all manufacturing system simultaneously. It is
more flexible approach, because a change of production parameters
has no large effects in lowering the effectiveness of control.
Additionally, the use of subjective criteria weights allows for
simple adjustment of control to the investor’s requirements. It is
advantageous in case of particular preference of any of the criteria.
However, in case of lack of particular preference of any of the
criteria it is more advantageous to use objective weights basing on
Shannon entropy.
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