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Abstract: In this paper, we show that it is possible to obtain an optimal configuration variant of
Modular Strongrooms (MSR) that satisfies the individual requirements of customers and is most
economically advantageous for manufacturers. A model of the automatic configuration system for
configuring MSR type MODULPRIM was developed, integrating the procedures for generating prod-
uct variants, choosing the optimal configuration, and designing detailed products and technological
processes. The developed model’s importance lies in its ability to automatically select the optimal
configuration from a set of possible configurations on a multidisciplinary basis. The problem of
choosing was solved by integrating the Analytic Hierarchy Process (AHP) and Simple Additive
Weighting (SAW) methods from the group of Multi-Attribute Decision Making (MADM). Validation
of the proposed model was performed on eight examples of Modular Strongrooms type MODUL-
PRIM 5 and showed great opportunities to improve efficiency and effectiveness in the process of
innovative product development, as well as to obtain a product configuration with significantly
improved quality. The proposed model has a high degree of flexibility and universality; thus, it can
be further upgraded and integrated into a company’s business system.

Keywords: knowledge-based engineering (KBE); multi-attribute decision making (MADM); modular
strongrooms (MSR); computer aided design (CAD); analytic hierarchy process (AHP); simple additive
weighting (SAW)

1. Introduction

Optimization is a key stage in the configuration of complex products. Complex
products usually have a modular architecture and are formed by combining standard
modules. The modular product system also includes the production of parts and modules
in sufficiently large series, an acceptable number of technologies, tools, and accessories,
and reduced amounts of information. Also, the construction of available modules and their
components has already been optimized, and the technological processes of production and
assembly have been standardized and optimized from the aspect of processing modes, costs,
processing time, etc. Therefore, that part of the optimization process was not considered in
this paper. Configuration optimization has the task of performing multi-criteria evaluation
of products at the macro level in terms of cost, quality, and production time and is solved
by multi-criteria decision-making methods [1].

Strongrooms are intended for storing money, valuables, securities, and confidential
documents. The basic function they must satisfy is resistance to attacks using burglary
tools (burglary resistance) [1-3].

Instead of the massive construction of strongrooms, Modular Strongrooms (MSR) are
increasingly used today because they have several advantages [1-3]:

e They have thinner walls, higher usable volume, and lower weight;
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e  The possibility of remodeling already existing rooms into a strongroom;
e  Abbreviated time to build a strongroom.

The Modular Strongroom (MSR) is a complex and demanding product from a technical
and technological viewpoint. It is designed according to the individual request of the
customer who chooses the Resistance Grade according to the standard [4] and defines
the available dimensions of the space in which it is necessary to place such a product.
The configuration is achieved by a combination of standard modules whose number and
dimensions must be adjusted in each new project.

Knowledge-Based Engineering (KBE) is a set of methods and algorithms that incorpo-
rate design knowledge into CAD models by considering dimensioning formulas, design
rules, and manufacturing restrictions, thereby transforming design problems into configu-
ration problems [5]. Automatic configuration of products in CAD systems is enabled by
the integration of KBE and CAD. There are different ways of integrating, embedding, and
coupling KBEs to CAD systems [6].

Various case studies on design automation through KBE-CAD integration can be found
in the literature. Gembarski [6] presented a case study of a locating jig that demonstrated
the basic availability of integrating KBE with Autodesk Inventor. Reddy and Rangadu [7]
developed a knowledge-based parametric CAD modeling system for spur gear design that
incorporates AGMA standards and parametric modeling in CAD. Gembarski [8] imple-
mented a constraint-based configuration system with a CAD system using the example of
a locating fixture. Gembarski et al. [9] developed a design automation system that automat-
ically generates a motor hoisting crane design based on user requirements. Gembarski [10]
bridged the gap between constraint satisfaction problems (CSP) and CAD systems, provid-
ing practical guidance and examples for implementing configuration design tasks using
Autodesk Inventor. Geren et al. [11] focused on the automated sizing of automotive steering
ball joints and incorporated expert knowledge and feature-based 3D CAD modeling to
streamline the sizing process.

Grkovié et al. [2] developed a platform for the automatic configuration of MSR, through
the integration of an MS Excel spreadsheet and a CAD system (Autodesk Inventor 2021®).
The disadvantage of this approach is that it generates only one MSR variant. Since an MSR
is a complex product, and multiple configurations can be generated to satisfy customer
requirements (CRs), it was necessary to develop software that will generate all feasible
configurations and choose the optimal configuration with the aim of better utilization of
resources. This study presents an extension of KBE-CAD integration by introducing Multi-
Attribute Decision Making (MADM) in the process of choosing the optimal configuration.

In the past decade, a model of the IAKS MODULPRIM automatic configuration system
for configuring MSR-type MODULPRIM has been developed. The system integrates the
procedures for generating feasible product variants (configurations), selecting the optimal
configuration, and performing detailed CAD design of products. The end user, in a
graphical user interface (GUI), enters the dimensions and Resistance Grade of the required
MSR and TAKS automatically:

Generates all feasible configurations;
Selects the optimal configuration based on the cost, quality, and production time of
MSR; and

e Provides a CAD assembly of the MSR.

2. Model for Optimizing Configuration System
Basic characteristics of the developed model IAKS MODULPRIM are as follows:

e Based on the CRs and the developed product platform, a set of feasible product
configurations is generated;

e  Selection criteria are defined in accordance with the CRs (quality and cheap product
made in the shortest possible time) and the requirements of the manufacturer (cheap
and fast production with as few defects as possible);
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Criterion functions are defined in advance and set in a parametric form, i.e., depending
on the set of parameters defined by the product platform;

The selection of the optimal product configuration is performed using multi-attribute
decision making (MADM) methods;

The selected alternative is further used for detailed CAD design of products and
technological procedures, development of an operational plan for product realization,
and defining the offer that is delivered to the customer through the sales configurator
and user interface;

These procedures are mutually integrated and automated.

The structure of the IAKS MODULPRIM is shown in Figure 1. The model consists of
nine modules, which are logically and functionally connected into one whole as follows:

GUI (Graphical User Interface);

Product Conceptual Configurator;

Optimization Module;

CAPP (Computer Aided Process Planning) configurator;
APS (Advanced Planning and Scheduling) configurator;
CAD product configurator;

Sales configurator;

External interface;

Product platform.

Q

Customer

O XN NG PN

Config.
engineer

Figure 1. General structure of the IAKS MODULPRIM.

The GUI for data entry is shown in Figure 2. The scheme consists of two drop-down
lists (resistance grade selection and door opening direction), six fields for entering the basic
dimensions of the MSR and strongroom door position, and a sketch that facilitates under-
standing of the basic dimensions. Next to them, there is the “Configuration” button, which
starts the automatic configuration, and the “Offer” button, which creates a customer offer.

The structure of the optimization module is shown in Figure 3.

The input data for this module are obtained from modules 2 and 4. In the Conceptual
Configurator (module 2), feasible configurations for MSR are generated, i.e., alternatives Ai
with specifications for module parameters, components, finished components, materials,
etc. A detailed description and the structure of the proposed MSR conceptual configurator
are provided in [1].
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Figure 2. GUI Appearance.

Defining the criteria (objective function) Pk’ | Module 4 -~ CAPP
¢ C configurator
g
l,,\\
Determination of weight coefficients of M
individual criteria and assessment of consistency F————— (I P .
1
- | Databases !
GlN ! :
4 1 o :
: - : m : 1 ‘0s
| Formation of mathematical models C; = f (pi') |<0— I v :
1
Module 2 - | [pput v 1 | * material :
Product  f—ouN ) 1
Concentual Calculation xj i | © labor :
onceptua A_’V T ,4- 2 | e standard |
Configurator i» Pk o - = components 1
| Decision matrix | N : k/ :
p 1 1
1 1
_ " e D
I Application of the MCDM | N > [
v ; '
1 .
- - - 1 Quality :
| Choosing the optimal alternative | 1 |
1 \__/ 1

1
1 Specification of the optimal alternative

Product parameters

Optimal configuration 4%" )l pE Module parameters

Comp onent parameters

Figure 3. Optimization module structure.

The data necessary for the formation of the criterion functions for the total time and
the total cost of production and assembly are generated in module 4 (CAPP configurator)
based on:

e  Product parameters (dimensions of modules and components, volume, and area) and
material specifications from module 2;
Standard technological processing procedures, time, and labor standards;
Calculation of the required number of sheet metal panels for creating all module
positions based on a special algorithm and program developed in the MATLAB 2019®
software package;
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e  Database which contains the price of materials and finished components, labor
cost, etc.

All elements of the objective functions are calculated parametrically depending on the
dimensions of the module, dimensions of the components, and number of modules.

For MSR-type MODULPRIM, the following criteria were adopted based on which
optimal product configuration should be chosen:

1.  Total production and assembly time of MSR;
2. Total production costs;
3. MBSR quality parameters:

- total number of defects in all modules;
- total sum of maximum deviations from the flatness of the surfaces of all modules.

The total production and assembly time of the MSR (T4) was determined as the sum
of the total time of individual operations:

m

Tior = Z Ttot,' = Teut + Tben + T + Tee + po + Tpal =+ TPaC + Thss [h] (1)
i=1

where:

Teu—total cutting time;

Tpen—total bending time;

Tng—total module assembly time;
T..—total concreting and cleaning time;
T4,—total degreasing and painting time;
Tya—total pallet making time;
Tpac—total packaging time;

T,ss—total final assembly time.

Total manufacturing costs (Cy) are obtained by summing the total cost of materials
(Cinat) and labor (Cypork):

n k

Crot = Ciat + Cypork = Z Conat, + 2 Cwork]- [€] 2)
i=1 =1

Only the costs of direct materials are included in the price of the material. The price
of auxiliary (indirect) materials such as paint, wire, and CO, welding gas, pallet board,
electricity, compressed air, and other consumables is not specifically considered because
these costs are included in the hourly rates for certain processing types. Total materials and
labor prices are obtained from the unit prices in the database, the quantities of materials
in module 2, and the quantities of labor in module 4. Detailed calculations of the total
production, assembly time, and total production costs are given in reference [1].

In accordance with the Quality Management System (QMS), the number of defects
in the production is constantly monitored using attributive and numerical quality control
charts to improve the quality of the products. The analytical dependence of the total number
of defects on the module’s dimensional parameters was established by the Response Surface
Methodology (RSM). For this analysis, the modules were separated into two groups. Group
1 includes wall modules and group 2 includes floor and ceiling modules. The groups are
defined based on the module design and technological similarity of the modules [1].

The total number of defects is obtained (Gyy) [1]:

8
Giot = Z G; - N; ©)
i=1

where:



Appl. Sci. 2024, 14, 8961

6 of 20

Gj—theoretical sum of all defects of the i-th type of module based on previously obtained
empirical models;
N;—number of pieces of the i-th type of module.

The critical quality parameter for the MSR final assembly was the maximum deviation
of the flatness of the module surface R;sy. The control plan controls the flatness along
the length, width, and diagonal of the module. Based on the available data and by using
Response Surface Methodology (RSM), empirical models depicting the dependence of Ry
of each module as a function of the module length and width were established. Due to the
similarity of shape and production technology, the modules are, as in the previous case,
separated into two groups [1].

The final function (Ry) is defined as the total sum of the maximum deviations from
the flatness of each module type multiplied by the total number of pieces of that module
required to configure the MSR [1]:

8
Riot = Z Rmaxi - Ni (4)
i=1

where Rp,xi—theoretically, the maximum error in flatness of the i-th type of module
measured in three directions depending on the module length and width, obtained on the
basis of previously developed empirical models.

Criteria created for MSR based on the developed model and platform can be displayed
using the following functions:

minTj,; )
minCsyy (6)
minGyyt (7)
minRjo¢ (8)

The values of the criterion functions x;; (values of the i-th alternative for the j-th crite-
rion) in the decision matrix are calculated on the basis of these models for each alternative,
i.e., feasible product configuration. After normalizing the data, a cumulative score for
alternatives in the priority matrix is calculated, and the optimal alternative is selected, i.e.,
the optimal product configuration.

It should be noted that the optimization module is a key link in the developed IAKS
MODULPRIM because complex mathematical models of objective functions are obtained;
thus, it is not possible to select the optimal configuration using classical optimization
methods.

The design and implementation of the GUI algorithm, Conceptual Configurator, and
optimal configuration were done in MATLAB 2019%.

After selecting the optimal product configuration, the output specifications from
the optimization module are forwarded to module 6 (CAD product configurator) for
detailed product design. A CAD configurator for automatic MSR configuration was
developed and made in Autodesk Inventor 2021® [12]. Linking the CAD configurator to the
optimization module in IAKS MODULPRIM enables the automatic import of parameters
into Autodesk Inventor, where further automatic CAD design can be carried out according
to the description in [12].

The monitoring and updating of the IAKS MODULPRIM is carried out by the configu-
ration engineer. Their task is to periodically check the model and implement corrections
in case of operational delays. Additionally, they can make changes in any IAKS MODUL-
PRIM module, such as: updating the 3D model in the CAD configurator, modifications
to the equations in the objective functions, changing the decision support method in the
Optimization module, updating data to the customer in the GUI, adding new features, etc.
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3. Method to Support Decision-Making

Given the nature of the problem, a solution was found by integrating the Analytical
Hierarchy Process (AHP) methods and Simple Additive Weighting (SAW) methods from
the MADM group. To avoid the subjective assignment of weighting factors by the decision-
makers, the AHP method was used. On the other hand, the problem often contains many
alternatives whose performance can be quantified (numerically); thus, it was expedient to
choose the SAW method to select the optimal alternative.

The algorithm for applying the integration of these two methods (Figure 4) consists
of 10 steps which will be explained below. Due to the specifics of the MSR, the proposed
selection procedure using the SAW method (steps 7 to 10) was carried out twice, i.e., for
walls and separately for floor and ceiling MSR.

¢

Adopt the Criteria
Significance Level

Defining the problem and the
objective of decision making |

v

represent ation

y 4
Structuring decision-making Constructing a decision matrix Constructing a decision matrix
| problems and graphical for MSR walls for MSR floor and ceiling

v

Constructing a comparison Normalize the decision matrix Normalize the decision matrix

matyix + *

- - Calculate the score of each Calculate the score of each
Normalize the comparison alternative alternative

matrix data
: ! !

) . Select the best alternative for
Consistency analysis MSR wall MSR floor and ceiling

NO @ YES NS

L 1 L 1
AHP SAW

Select the best alternative for

Figure 4. Integration of the AHP and SAW methods in a flow graph.

Step 1: Defining the problem and objective of decision-making.

The first step is to clearly define the problem to be solved and the corresponding
objective to be achieved.

Step 2: Structuring decision-making and graphical representation.

Structuring the decision-making problem involves decomposing the problem accord-
ing to a hierarchy of at least three levels [13-15].

Step 3: Construct a comparison matrix.

To determine the priorities of the criteria, i.e., importance of each criterion relative to
the main objective, the AHP method uses pairwise comparison [14-16]. For this purpose,
a comparison matrix is formed (square matrix n x n) in which each criterion in a row is
compared with each criterion in the column at each level of the hierarchical structure. The
Saaty scale for the importance of value was used for comparison [16,17].

Step 4: Normalizing the compared matrix data.

Normalization of the comparison matrix data is performed by dividing each entry in
the column by the sum of the corresponding column to obtain the following normalized
result [14,15,18]:
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Step 5: Consistency analysis.

In order to notice possible contradictions between the compared pairs, it is necessary
to check the consistency. The Consistency Ratio (CR) is calculated as the quotient of the
Consistency Index (CI) and the Random Index (RI):

e

CR_E

(10)

The AHP method allows an inconsistency of 10% (CR < 0.10) in relation to 500
randomly filled matrices [14,16].

Step 6: Adopting the Criteria Significance Level.

If the inconsistency is less than 10%, the assessment of the relative importance of the
criteria is considered acceptable; otherwise, it is necessary to revise the comparison of the
pairs of criteria.

The SAW Method was chosen to select the optimal alternative. The SAW method is the
best known, most popular, and most frequently used method of multi-attribute decision
making [19-21].

Step 7: Construct decision matrix.

The problem of multi-attributive decision-making can be expressed concisely in matrix
form [21] as follows:

A={Ai=123,...,m}
C={Glj=123,...,n}
W= {Wy, Wy, W3, ..., W, }

X11 le oo X1 (11)
X = Xi1 ce xi]‘ . &
Xm1 -~ xm]' oo Xmn

where:

Az, Ay, ..., Ay,—feasible alternatives;

Cq, Cy, ..., Cy—riteria;

xjj—value of the i-th alternative relative to the j-th criterion;
W;—weighting coefficient (significance) of the j-th criterion.

The matrix X is a (m x n) matrix and is called a Decision matrix. Criteria (C;) can be of
maximization (max) or minimization (min) types.

Step 8: Normalize decision matrix.

To rank alternatives, the proposed SAW method requires data normalization in the
decision matrix. A linear transformation scale is used for normalization [20,21].

In the case of the criteria of type max, the element of the linearized matrix is obtained
by dividing the current value of the i-th alternative in relation to the j-th criterion (x;;) by
the maximum value of all alternatives in relation to the criterion C;:

1’1']' = 73%] (12)
max ()

For the criterion of type min, the element of the linearized matrix is obtained by
dividing the minimum value of all alternatives in relation to the criterion C; by the current
value x;;:

y mm(”xz]) 13
Xij
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The resulting values of r;; range between 0 and 1, and the result is more favorable if
the value of 7;; is closer to 1. The Normalized decision matrix is denoted by X*.

rr ... 7’1]' ... Ty
*
X" = i1 e 1’1']' .. Tip (14)
"'mi -+ Tmj -+ Tmn

Step 9: Calculate the score of each alternative.

The score for each alternative is calculated as the sum of the multiplication of the
element of the row of the normalized matrix with the relative weight of the corresponding
element of the column of the matrix, based on the following expression:

n
j=1

Step 10: Select the best alternative.
The best alternative is selected as the best alternative [19,21]:

n

BAgaw = maxS; = ml;ax]; rij - W (16)
or:
n
BA =< A; i Wi 17
SAW i miaX]; Tij - Wj (17)

where BAgaw gives the best alternative according to the SAW method.

4. Model Verification

Modular Strongrooms MODULPRIM 5 from the production program of the company
“Primat” D.D., Maribor, Slovenia, which is produced in the “Primat equipment” Ltd.,
Baljevac, Serbia, was selected for practical IAKS MODULPRIM verification.

4.1. Defining the Objective and Problems of Decision-Making

The main objective of optimization is to choose the optimal configuration of the
MSR that meets the CR while being rational regarding production. The basic CRs in this
case relate to the dimensions in which it is necessary to fit this product (Table 1) and the
resistance degree of the MSR, which in this case is defined by the choice of MODULPRIM 5
(Resistance Grade 5).

Table 1. Basic dimensions of MSR MODULPRIM 5 in the selected example.

Dimension A B C D E F
[mm)] 9500 2800 2900 4650 1200 2110

The problem comes down to choosing the most favorable (optimal) alternative from
the final set of alternatives, which are generated based on the algorithms for configuring
MSRs (Modular Strongrooms) in module 2, the criteria defined in module 3, and the
proposed optimization model.

4.2. Structuring the Problem

The problem was decomposed on three hierarchical levels (Figure 5). At the highest
level is the objective of the previously defined decision. The middle level of the hierarchy
is represented by the criteria on which alternatives are ranked, which are defined in detail
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in the form of parametric functions in Section 2. It should be noted that the product
quality function consisting of two criterion functions is not further broken down into lower
hierarchical levels, but both functions (f3: minimization of the total number of defects on
all modules and f,: minimization of the sum of maximum deviations from the flatness of
all modules) are kept at the middle level of the hierarchy, and their importance is taken
into account through the weights defined below this procedure.

Level 1 Optimal MSR configuration

Level 2 Total production Total production Total number Total maximum deviation of
and assembly time costs of defects the flatness

Level3 Alternative 4, | | Alternative 4, | | Alternative 4; o 00 Alternative 4,

Figure 5. Hierarchical structure of decision problems.

The lowest hierarchical level represents alternatives, i.e., technically feasible product
configurations. Alternatives in this case are feasible combinations of modules and their
widths, which are generated separately for the MSR walls, floors, and ceilings.

4.3. Relative Weights of Criterion Functions

Since the Faculty of Mechanical and Civil Engineering in Kraljevo already has an Excel
application for implementing the AHP method, it was used to calculate the relative weights
of the criterion functions and assess the consistency of the obtained solutions.

For this purpose, a comparison matrix (square matrix 4 x 4) is formed, in which
each criterion in a row is compared with each criterion in the column at each level of the
hierarchical structure. The numerical values of the comparison of criterion pairs are shown
in the criterion comparison matrix generated in MS Excel 2019 (Figure 6).

Analiytic Hierarchy Process Excel Spr Judgments of the parwis ison (presuden ivanju parova)
; Decision Support System b Factor weightingscore | R
—m University of Kragujevac. Faulty of Mechanical and Civil Engineering in Kraljevo {;] acar: More importantthan Equal Less importantthan acar
Departmentof Production Engeering oMr .
Version 1.0 i 9 | 8 | 7 | 6 | 5 | 4 | 3 | 2 1 J
Number of Criteria|_4_| woe |9 [ 8 7] 6|5 |43 2] 1 |12|13]1s]15]16]1/7]1/8]1/9] vane
Ifthe judgmentvalue ison the leftside of 1, we putthe actual judgment value
Comparison matrix Ifthe judgment value is on the right sde of 1, we putthe reciprocal value

1 2 3 4 5 6 7 3 9 10
Criteria

cl c2 c3 c4 c5 3 o7 c8 co | cio

cl 1 200 | 5000 | 3000

c2 | oso 1 600 | 300

€3 | om | ow 1 033

C4 | 03 | om | 3w 1

Scores for the i f variable

Tmporta-

nce Sclle
1 Equally Important Preferred

Equally to Moderately Important Preferred

Moderately Important Preferred

Moderately to Strongly Important Preferred

Strongly Important Preferred

Strongly to Very Strongly Important Preferred

Very Strongly Important Preferred

Very Strongly to Extremely Important Preferred

Extremely Important Preferred

Definition of Importance Scale

)
£

g
C®uo ;e W

Figure 6. Comparison matrix in Microsoft Excel.

After normalizing the comparison matrix data, consistency analysis was performed
to identify any contradictions between the compared pairs. The results of the analysis are
presented in Table 2.

The maximum eigenvalue is Apax = 4.061. The consistency index was CI = 0.020, and
the random consistency index was RI = 0.892. The value of the consistency coefficient is
CR =0.023. This means that the inconsistency of the estimate is 0.023, i.e., 2.3% and meets
the condition that CR < 0.10 and the estimated relative importance of the criteria can be



Appl. Sci. 2024, 14, 8961

11 of 20

considered acceptable. Since the consistency of the assessment has been confirmed, the
estimated relative importance of the criteria presented in Table 3 can be adopted.

Table 2. Consistency check.

Criteria SUM Average CM.
G G Cs Cy
Cy 0.0952 0.0983 0.1250 0.0741 0.393 0.0981 0.3956 4.031
(6)) 0.6667 0.6878 0.5625 0.7407 2.658 0.6644 2.7622 4.157
Cs 0.0476 0.0764 0.0625 0.0370 0.224 0.0559 0.2242 4.011
Cy 0.1905 0.1376 0.2500 0.1481 0.726 0.1815 0.7343 4.045
z 1.00 1.00 1.00 1.00 Amax = 4.061
Wi 0.0981 0.6644 0.0559 0.1815 CI =0.020
RI =0.892
CR=0.023
Table 3. Estimated relative weights of criteria.
Criterion W;
C1 = minT}y; 0.0981
C2 = minCyot 0.6644
C3 = minGyyt 0.0559
C4 = minRyy¢ 0.1815

4.4. Choosing an Optimal Alternative

As mentioned above, the selection of the optimal alternative based on the SAW
method is carried out twice. By applying the proposed algorithms to generate alternatives,
164 technically feasible alternatives for walls and 347 alternatives for floors and ceilings
were obtained.

4.4.1. Choosing an Optimal Alternative for Walls

The values of the individual and cumulative objective functions for each wall module
alternative are listed in Table 4. The selected optimal solution for the wall modules was
alternative Aj, and its parameters and module distribution are presented in Table 5.

Table 4. Values of individual and cumulative objective functions for MSR walls.

A; Ttot [h] Cror [€] Gtot Riot S
1 504.182 7246.363 25.544 57.955 0.996806
2 504.186 7246.397 25.541 57.955 0.996807
3 504.189 7279.171 25.539 57.955 0.993821
163 546.034 7675.718 24.116 83.661 0.899358
164 546.040 7675.777 24121 83.661 0.899339

The results of selecting the optimal configuration for the selected example are pre-
sented below in the form of graphs of individual and cumulative objective functions
obtained by the generated alternatives. The graphs of the obtained criterion functions for
the walls are shown in Figures 7-10.
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Table 5. Parameters of optimal MSR wall alternatives.
Parametar Denotation Value
Module width A [mm] b 691
Module width A; [mm] bar 786
Module width By [mm] bg1 504
Module width B, [mm] bgy 627
Module width B3 [mm] bps 417
Number of modules A to the left of the door NAL
Number of modules A to the right of the door NAR 4
Number of modules A on the side walls 2 X nas 6
Number of modules A in rear wall nAB 13
Number of modules Ay na1 1
Total number of modules A Nga 29
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Figure 7. Total time for all wall modules by alternatives.
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Figure 8. Costs for all wall modules by alternatives.
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Figure 10. Total sum of the R,y values of the wall modules by alternatives.

A graph of the cumulative objective function with the position of the optimal alterna-
tive in relation to the derived solution is shown in Figure 11.
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Figure 11. Total function of wall modules by alternatives with positions of derived and optimal
alternative.



Appl. Sci. 2024, 14, 8961

14 of 20

4.42. Choosing an Optimal Alternative for Floor and Ceiling

The values of the individual and cumulative objective functions for the floor and
ceiling modules are given in Table 6. The best alternative to MSR floors and ceilings was
A59, and its parameters and module distribution are listed in Table 7.

Table 6. Values of individual and cumulative objective functions for MSR floor/ ceiling.

A; Ttot [h] Cior [€] Giot Riot S
1 413.772 5831.207 22.278 45.972 0.960134
2 413.771 5831.199 21.818 45.972 0.960478
3 413.770 5831.190 21.368 45.972 0.960827
58 413.722 5830.709 9.758 45.972 0.981012
59 413.721 5830.701 9.752 45.972 0.981036
60 413.720 5830.692 9.753 45.972 0.981032
345 460.430 6387.639 159.995 62.424 0.830443
346 460.427 6387.602 161.097 62.424 0.830432
347 460.423 6387.565 162.374 62.424 0.830419
Table 7. Parameters for the optimal MSR floor/ ceiling alternatives.
Parameter Denotation Value
Module width C [mm] bc 790
Module width Cz [mm] be,, 790
Module width D [mm] bp 702
Total number of modules D Np 20

The graphs criterion functions for the floor and ceiling are shown in Figures 12-15.
Figure 16 shows a graph of the cumulative objective function with the optimal alternative’s
position in relation to the derived solution.
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Figure 12. Total time for all floor/ceiling modules by alternatives.
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4.5. Automatic 3D CAD Model Generation

After selecting the optimal MSR configuration, the specification of the optimal config-
uration is automatically imported into Autodesk Inventor®.

The Inventor also automatically adjusts all 3D models (parts and assemblies), generates
2D technical drawings, and creates a BOM (Bill of Materials).

An example of a 3D model of the MSR assembly and an example of a technical drawing
of a part are shown in Figures 17 and 18.

Figure 17. MSR assembly 3D model.
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Figure 18. Technical drawing of one part.

5. Model Validation

After the verifying IAKS MODULPRIM, it was necessary to check and prove whether
the proposed software tool is more effective under real conditions than the existing proce-
dure of configuring MSR MODULPRIM.

Validation of the IAKS MODULPRIM was done on eight examples of MSR MODUL-
PRIM samples with resistance grade 5. The examples were selected to represent the most
commonly implemented MSRs. The basic dimensions of the MSR from the examples are in
the ranges: A = 2050 =+ 9500 mm, B = 2150 + 8640 mm, and C = 2500 = 2910 mm. Most of
the aforementioned examples have been implemented practically in the past decade.

The MSR dimensions for all eight examples are given in Table 8.

Table 8. MSR dimensions of selected examples.

Dimension [mm]

A B C D E F
1 9500 2800 2900 4650 1200 2110
2 2050 3890 2910 400 1150 2110
3 3560 2150 2500 1860 1200 2105
Example 4 2200 3600 2500 506 1104 2110
5 2830 3590 2560 705 1200 2165
6 2350 3975 2540 575 1200 2155
7 4430 2150 2680 2793 1137 2110
8 2900 8460 2800 400 1200 2150

The effects of the optimization module built into JAKS MODULPRIM are best seen in
Table 9, which compares the values of criterion functions for the derived solutions and opti-
mal solutions, selected based on the developed software tool for all eight tested examples.
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Table 9. Comparative presentation of the obtained results and improvements in each example.

Criteria Functions

The Cumulative

Example Objective Function
Ttot Crot Giot Riot S
wall 518.808 7692.702 24.881 66.952 0.9325
Derived solution
floor 434.959 6426.189 33.986 53.451 0.8628
wall 504.186 7246.397 25.541 57.955 0.9968
The optimal alternative
floor 413.721 5830.701 9.752 45.972 0.9810
wall 239.109 3485.004 15.397 30.766 0.9260
Derived solution
floor 133.782 2084.400 14.179 21.370 0.8619
wall 230.716 3280.965 15.855 25.637 0.9971
The optimal alternative
floor 127.416 1873.470 3.519 18.543 1.0000
wall 189.000 2830.791 29.717 23.584 0.9689
Derived solution
floor 127.010 1936.000 9.664 19.049 0.9050
wall 187.121 2741.864 29.278 22.490 1.0000
The optimal alternative
floor 123.693 1828.797 2.421 17.625 0.9999
wall 196.715 2991.513 30.662 25.942 0.9202
Derived solution
floor 131.022 1985.036 9.548 19.200 0.9059
wall 191.234 2759.034 29.368 22.661 0.9999
The optimal alternative
floor 127.635 1876.935 2.422 17.770 0.9999
wall 222.198 3368.286 30.380 29.026 0.9275
Derived solution
floor 166.473 2419.463 9.568 19.584 0.9088
wall 216.564 3133.924 29.389 25.543 0.9999
The optimal alternative
floor 162.184 2299.834 2.418 18.085 0.9999
wall 219.081 3330.910 31.368 29.650 0.9019
Derived solution
floor 155.126 2345.853 12.890 21.851 0.8708
wall 209.891 3051.630 29.566 23.950 0.9999
The optimal alternative
floor 147.903 2123.956 4.213 18.958 1.0000
wall 242.443 3586.099 25.348 32.303 0.9373
Derived solution
floor 159.112 2459.676 16.503 24.465 0.8712
) wall 236.569 3381.361 24.874 28.538 0.9998
The optimal alternative
floor 152.464 2245.124 3.073 21.616 0.9999
wall 459.985 6872.068 30.285 62.272 0.9048
Derived solution
floor 400.507 5874.035 29.183 47.555 0.8527
wall 441.769 6282.496 30.246 50.624 0.9998
The optimal alternative
floor 382.948 5390.364 7.095 41.529 0.9678
Average improvement 3.3% 7.0% 28.7% 12.5% 10.3%

From the last row of Table 9, the following can be stated:

The average total time to produce and assemble MSR was decreased by 3.3%;
Total production costs were reduced by an average of 7%;
The total number of defects in all MSR modules was reduced by 28.7%;

The total sum of the maximum deviations from the flatness of the surfaces of all
modules was reduced by an average of 12.5%.
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If we look at the cumulative objective function in which the individual criteria are
taken from the previously adopted weighting coefficients, it can be concluded that the total
effect of applying IAKS MODULPRIM is 10.3%.

6. Conclusions and Remarks

The basic significance of the developed software tool is that it automatically selects
the optimal configuration, on a multidisciplinary basis from a set of feasible configurations.
The main results of this research are as follows:

e  Practical application of the proposed tool and testing of the developed software tool
TAKS MODULPRIM under real conditions showed, that the cumulative effect of the
application of IAKS MODULPRIM was 10.3%;

e By applying IAKS MODULPRIY, it is possible to offer the customer the desired
configuration of products of exceptional quality at the lowest possible price and in the
shortest possible time;

e By automating parts of the sales cycle, sellers and distributors obtain a powerful tool
to create quality offers and quickly respond to CRs;

Reduce operating costs during the contracting process;

Automation of the product configuration process;

Increase work efficiency by reducing or eliminating repetitive tasks and shortening
design time;

e  Ensuring the competitive advantage in the market.

This paper provides an overview of the results obtained in the field of MSR configura-
tion. Further work on the improvement of IAKS MODULPRIM is planned:

e Improvement and advancement of algorithmic structures;

e Inclusion of new criteria functions in the decision-making module;

e Implementation of artificial intelligence methods;

e  Development of a collaborative work environment;

e Integration of the software tool into the company’s business system, and recognition
of real practical problems in implementation and training;

e  Continuous verification and validation of the models.
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