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ABSTRACT

The paper presents the Integrated Automatic Configuration System (IAKS) for modular strongroom (MSR). IAKS en-
compasses the processes of generating possible product variants, choosing the optimal configuration (variant) of the
product, and detailed CAD design of the product and technological process. The system is composed of nine inter-
connected modules that facilitate the automation of various design phases. The modules for conceptual configura-
tion, optimization, and CAD configuration, which were previously partially published, are herein briefly described and
presented as part of the whole system. The primary objective of the present study is to integrate all modules, thereby
enhancing the efficiency and automation of the MSR design process. In response to customer requests (CRs) and
security requirements, IAKS automatically designs the optimal MSR. The developed method and software solution
were implemented through a case study, which confirmed its applicability in the automation of the MSR design pro-
cess. The primary benefits of this application include a reduction in design time, an elimination of design errors, a
decrease in production time, an enhancement in product quality, and a reduction in product price.
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1. INTRODUCTION

The market's demand for rapid changes necessitates flexible, adaptable solutions that facilitate swift adjustment to
new conditions. The MC (mass customization) strategy is a solution that meets individual customer requirements
(CRs) while leveraging the economies of mass production. The application of modular design enables the system to
respond quickly to changes and upgrades.

Strongrooms are produced in a combination of methods, including massive construction, modular construction, and
a combination of these approaches [1, 2]. Modular construction utilizes standard components and modules, which
allow for flexibility and optimal room configuration tailored to customers' specific needs. This approach also facilitates
installation in existing rooms or on higher floors, enhancing versatility and convenience. It also facilitates more effi-
cient design by reducing time and eliminating design errors [1, 3].

Modular strongrooms (MSR) provide a high level of safety and flexibility in design. Its modular design allows for cus-
tomization of size and specifications to meet customer requirements while ensuring basic safety requirements [4]:
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Burglary resistance,

Fire resistance,

Safety from flood (i.e., water penetration), and
Resistance to different types of radiation.

The fundamental CRs when designing the MRS include the shape and overall dimensions of the MRS, as well as the
resistance grade of the MRS according to the EN 1143-1 standard. These requirements also encompass the position,
dimensions, and direction of the door opening. Additionally, there are numerous CRs that result in substantial varia-
tions in the number, shape, and dimensions of individual modules [4]. Consequently, each MSR is regarded as a new
project.

Conventional methodologies are predominantly employed in the design of MSR. The implementation of CAD (Com-
puter-Aided Design) systems in the generation of 3D models of MSR significantly streamlines the documentation
process. However, the presence of errors or inconsistencies in the design remains a persistent challenge. This neces-
sity arises from the recurrent requirement for modifications to align with the customer's specifications, necessitating
the manual adjustment and update of numerous parameters. Furthermore, certain decisions need to be made to
ensure the design is correct and functional. To solve that problem, we need an integrated system that's automated
and combines:

e Efficiency and speed (let quickly generate and test possible product configurations);

e Selecting the optimal product configuration (based on specific CRs and criteria like production time, price,
and quality);

e Detailed CAD design of the optimal product configuration.
These systems really cut down on design time and get rid of human errors, which leads to a lower product price.

This paper presents the Integrated automatic configuration system for MODULPRIM type MSR (IAKS MOD-
ULPRIM). The goal is to present IAKS MODULPRIM as a complete solution for designing MSR. The principle of opera-
tion of all modules, as well as the way of their integration into one functional system, is presented below. Also, the
advantages that IAKS MODULPRIM brings in terms of time, costs, and quality were analyzed.

2. STATE OF THE ART

A variety of CAD software is employed in the domain of product design, such as Autodesk Inventor, SolidWorks, Pro/E
(Creo), CATIA, and Siemens NX. Basically, these CAD software does not have the capability for automatic product
configuration, but this can be achieved through the use of their supplementary modules (iLogic, DriveWorks,
Knowledge Workbenches, Knowledge Fusion, etc.) or by integrating with external tools [5].

A certain number of papers address the integration of CAD systems with external tools, such as Microsoft Excel
spreadsheets. This connection enables dynamic updating of CAD design parameters and automatic generation of 3D
models based on data from tables. The utilization of these tools fosters adaptability and expedites product configu-
ration, facilitating the customization of designs with particular requirements. This, in turn, contributes to the acceler-
ation of the product development process and the minimization of design errors and expenses. Grkovic et al. [4] pro-
pose a platform for automatic configuration of MSR, based on parametric and variable design through the integration
of CAD software (Autodesk Inventor) with an Excel spreadsheet. In response to a CRs, the Excel spreadsheet auto-
matically generates product variants and calculates all pertinent design parameters. These parameters are subse-
quently automatically imported into the CAD software to adjust 3D models. Gembarski et al. [6] demonstrate how the
spreadsheet-driven CAD models can enhance adaptability and product optimization in the configuration process of
cultivators. This integration facilitates design automation and reduces the necessity for manual model adjustment in
CAD software. Geren et al. [7] developed a parametric CAD system for automatic dimensioning of ball joints in auto-
motive steering systems. This system utilizes expert knowledge and feature-based computer-assisted 3D modelling
in CAD software Pro/E (Creo). The implementation has demonstrated its practicality in generating different configu-
rations tailored to the requirements of OEM manufacturers.

The integration of engineering knowledge into CAD systems through Knowledge-Based Engineering (KBE) and
Knowledge-Based Design (KBD) facilitates automation and optimization of the design process. KBD integrates this
engineering knowledge directly into the CAD environment, thereby enabling the automation of routine tasks and
the reduction of errors. Gembarski et al. [8] investigation focused on the examination of disparate approaches to
integrating CAD systems and KBE. He demonstrated the fundamental capabilities of integrating KBE with the CAD
system (Autodesk Inventor).

Gembarski et al. [9] demonstrate the automation of the design process through the integration of knowledge-based
CAD systems with algorithmic modeling. The proposed approach utilizes rules derived from domain knowledge in
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conjunction with parameterized algorithmic models to facilitate the efficient generation and adaptation of technical
solutions. Reddy and Rangadu [10] developed a system for parametric CAD modeling of spur gears based on KBE. In
the CAD software, specifically SolidWorks, an add-on was developed that incorporates an input mask and a design
calculation by the rules of the AGMA (American Gear Manufacturers Association).

A multitude of papers underscore the significance of models grounded in optimization algorithms and multi-criteria
decision-making within the domain of automatic configuration. Zhang et al. [11] developed the COMB algorithm,
which was designed for the optimization of configurations of modular space stations. The focal point of their research
was the implementation of evolutionary algorithms (GA) to engineer an efficacious design solution for automatic
module adaptation. Wei et al. [12] developed a mathematical model to optimize product configuration in mass per-
sonalization, taking into account performance, cost, and production time. On the example of air compressor config-
uration optimization, they demonstrated the application of the improved NSGA-II algorithm and the fuzzy method
for decision-making when determining optimal configuration. In their study, Pordevic et al. [13] present a model that
utilizes the Analytic Hierarchy Process (AHP) and Simple Additive Weighting (SAW) methods to select the optimal
MSR configuration. This model facilitates the selection of the optimal configuration based on multidisciplinary crite-
ria, thereby reducing production time and costs while enhancing the quality of the final product. Zhang et al. [14]
investigated the potential of integrating sales, product, and manufacturing configurations to enhance companies'
capacity to provide customized products. This approach has been demonstrated to generate a greater number of
possible alternatives for products and production processes. Consequently, evaluation models have been developed
with the objective of selecting the most suitable option.

A thorough review of the literature reveals a clear necessity for an integrated automatic configuration system, one
that would serve to unify variant generation, optimization, CAD design, and decision making. IAKS MODULPRIM was
developed as a precise response to these challenges, enabling the automation of the entire MSR design process.

3. STRUCTURE AND INTEGRATION OF IAKS MODULPRIM

The development of an Integrated Automatic Configuration System (IAKS MODULPRIM) was motivated by the neces-
sity of aiding in the decision-making process that occurs during the selection of the optimal configuration of an MSR.
The methodology encompasses the procedures for generating possible MSR configurations, selecting the optimal
configuration, and detailed CAD design of products and technological processes. The developed IAKS MODULPIM
has the following characteristics [13]:

e Aset of feasible product configuration variants is generated based on the CRs and the developed product
platform;

e The selection criteria should be designed to align with the characteristics of the product from the perspective
of both the customer and the manufacturer. From the customer's viewpoint, the criteria should emphasize
the importance of a high-quality and inexpensive product that is produced in the shortest possible time.
From the manufacturer's perspective, the criteria should prioritize cost-effective and efficient production
with minimal errors;

e The objective criterion functions are defined in advance and are given in parametric form, i.e., depending on
the set of parameters defined by the product platform;

e The selection of the optimal product configuration is performed by applying some of the multi-attribute
decision-making methods;

e The selected alternative is employed for the subsequent stages of the product's CAD design and the devel-
opment of its technological processes. It is also utilized in the creation of an operational plan for the product's
implementation and the delineation of the offer that is delivered to the customer via the sales configurator
and user interface;

e As previously stated, the aforementioned processes are integrated and automated.
The IAKS MODULPRIM system is composed of nine distinct modules, which are illustrated and delineated in Figure 1.

The central module is the optimization module, while other modules are arranged around it and are logically and
functionally connected into one whole [3].

3.1. Graphical User Interface
The Graphical User Interface (GUI) is a module that facilitates communication between the user and the proposed
system. The participants in the communication are as follows:

e the end user (customer);
e  sales staff;
e configuration engineer.
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1. GUI - Graphical User Interface

2. PCC- Product Conceptual
Configurator
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3. OM - Optimization Module

4, CAPPC - Computer-Aided
Process Planning Configurator
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engineer

5. APSC - Advanced Planning
and Scheduling Configurator

6. CADPC - Computer-Aided
Design Product Configurator

7. SC-Sales Configurator
8. El-External Interface
9. PP -Product Platform
Figure 1: General structure of the IAKS MODULPRIM with named module [3]

The end user is empowered to define their requirements directly with the assistance of this module, enter the nec-
essary input data regarding the product, and request clarifications regarding the final solution. The GUI has been
adapted to the user, thereby eliminating the need for training in its use. The GUI assists the user in defining their
requirements by posing questions and providing answers, ensuring that the system receives information in a format
with which it is familiar. The final result of the configuration process in IAKS, from the user's perspective, is the offer
that is obtained from module 7 (Sales Configurator) and is subsequently transmitted to the customer via the GUI.

In the event that the customer lacks the capacity or interest in entering data directly via the GUI, the sales staff is
authorized to execute this task on their behalf. Furthermore, the sales personnel are obligated to formally present the
offer and the requisite documentation to the customer, while also offering supplementary clarifications as required.

A configuration engineer is a professional who specializes in the field of product configuration. Through the use of
an interface, these engineers analyze and evaluate various configuration variants, analyze the optimal solution, and
final reports that are subsequently transmitted to the customer and production.

3.2. Product Conceptual Configurator

The Product Conceptual Configurator (PCC), as illustrated in Figure 2, automatically generates potential product
configuration variants based on CRs. The system comprises a converter and a generator of feasible product alterna-
tives [15]. The converter transforms order data (CRs) into technical data, which is then used to configure the MSR.

PCC Specification of configuration variants

Parameter 1.1
Parameter 1.2

Generator of
»|Converter® feasible con-

Configuration 1

Input Output

GUI

CRs figurations Configuration 2
7 < Configuration i \‘[ﬁParameter 21

'y : Parameter 2.2

Parameter ...

Configuration m

Parameter m.1

Parameter ...

Figure 2: The structure of module 2: Product Conceptual Configurator [15]

Product Product
configuration rules| [information

The configuration task of this module is to configure all possible conceptual product variants that meet the individual
CRs, based on product configuration rules and a database of the product, its modules, and components, and respect-
ing the defined constraints. This component is incorporated within the generator of feasible configurations. The da-
tabases comprising rules, modules, and constraints are located in the product platform (Module 9) and are accessed
via an external interface (Module 8).
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The output of this module is a specification of parameters that define the configuration of the MSR, modules, com-
ponents, materials, etc. A comprehensive description of the MSR conceptual configurator is provided in [15].

3.3. Computer-Aided Process Planning Configurator

Computer-Aided Process Planning (CAPP) liberates the designer from routine and time-consuming operations, ena-
bling a greater commitment to critical decision-making during the design of technological processes. These decisions
encompass defining operations, operations and processing sequences, selecting machinery, tools, accessories, and
processing parameters. This contributes to a significant reduction in design time and costs, equalization of quality
levels, more productive and economical technological processes, and increased productivity [16]. The design of CAPP
is a highly intricate process that is contingent on numerous parameters. Consequently, there is an absence of a uni-
versally applicable CAPP system that is suitable for straightforward and extensive implementation in industrial set-
tings [17].

The fundamental input data required for the CAPP system encompasses product-related information, available pro-
duction resources, projected production volumes, and a range of techno-economic requirements. Product infor-
mation, primarily conveyed through two-dimensional drawings and three-dimensional product models, offers insight
into geometry, topology, dimensions, tolerances, materials, and the quality of machined surfaces. This information is
essential for manufacturing, assembly, and the control of the product. The available production resources encompass
fundamental information regarding various components of the production system, including fixtures, machining sys-
tems, tools, accessories, and gauges.

The structure of the Computer-Aided Process Planning Configurator (CAPPC) is illustrated in Figure 3. It is im-
portant to acknowledge that, in addition to other input data, CAPPC is the recipient of information containing data
on all feasible alternatives (A, pi) of the product that is generated in module 2.

| Product A,
[ Product A;
[ Product A,
Product A,
e Product specifications
e Product information
. e Process flow charts
A,-;|=1,2,...m .
Availabl q e Operation charts
¢ Avallable produc- Input Output
Module 2 || tion resources CAPPC . Pro.cess flow chartst
PCC Producti | e Estimated production
* Froductionvolume costs and times —
¢ Othey technp-eco- e Production resource —
nomic requirements specifications ||
7 e Material cutting plan =
/
<N

Jigs Standard
and fixtures technological processes

Figure 3: The structure of module 4: Computer-Aided Process Planning Configurator [3]

The objective of this module is to generate data pertaining to time, cost, and quality for all m product alternatives.
These data will subsequently be utilized in Module 3 to calculate the values of the objective functions. Consequently,
the technological documentation and information necessary for planning, managing, and implementing the produc-
tion process are obtained. This may include product specifications, the content of technological processes, operation
charts, process flow charts, calculated production costs and times, specifications of production resources, and other
relevant elements [3]. Subsequent to the selection of the optimal product configuration, the output specifications
from CAPPC for the selected configuration are forwarded to module 5. On the basis of these specifications, production
planning, management, and implementation are carried out.
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3.4. Optimization Module

In the process of designing or configuring a new product, optimization is a pivotal stage. The developed system per-
tains to modular products, defined as products that are assembled using standard modules. The implementation of
a modular product system necessitates the fabrication of components and modules in sufficiently large series, pro-
duction with an acceptable number of technologies, tools, and accessories, a reduced amount of information, etc. [3].
Consequently, it is hypothesized that the designs of the available modules and their components have already been
optimized, that the technological processes of manufacturing and assembly have been standardized and optimized
in terms of processing modes, costs, processing time, etc., so that part of the optimization is not considered in this

paper.

The optimization module's primary function is to execute automatic multi-criteria evaluation of the product, consid-
ering factors such as costs, quality, and production time. This evaluation is achieved through the implementation of
multi-criteria decision-making methodologies. The input data for this module are the alternatives generated in mod-
ule 2 (PCCQ) with the corresponding parameters defining the product, its modules, and components (Ai, pki). The for-
mation of the criterion functions is generated in module 4 (CAPPC) based on the following:

e Standard technological processing procedures, time, and labor standards were followed;

e The required number of sheet metal panels for creating all module positions was calculated based on a spe-
cial algorithm and program developed in the MATLAB 2019 software package;

e Adatabase containing the price of materials and finished components, labor cost, etc., was created;

e An analysis of the dependence of quality and errors on the type and parameters of the module was con-
ducted.

The output from this module comprises the data on the selected product configuration and the specifications of the
associated parameters (A%, p>"). The configuration of the optimization module, inclusive of inputs and outputs, is
depicted in Figure 4.

Defining the criteria (objective function) Pis Module 4
CAPPC
vG
//‘\\
Determination of weight coefficients of indi- ': |
vidual criteria and assessment of consistency j—=—===- . -
[ Databases t
Q v Nj : /\ t
- - — ; ! Cost
| Formation of mathemaical models C;=f(px) |4*— ! v E
Module 2 Mﬁ lculati : e material t
PCC [ M Calculation x | | e labor |
Air Pr v PRI e standard t
| Decision matrix | Fe == components |
N 1 . \
v LN S !
|
| Application of the MCDM | I Q t
I
v ] t
| .
| Choosing the optimal alternative | I Quality t
|
| P~
I
Output §| |7 APt poPt L
Specification of the optimal alternative Product parameters _[ Parameter 1

| Parameter 2
| Parameter...

Optimal configuration A%* :>[ Dot Module parameters —[ Parameter 1
| Parameter 2
[ Parameter...

Component parameters —{ Parameter 1
| Parameter 2
[ Parameter...

Figure 4: The structure of module 3: Optimization Module [13]
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A thorough exposition and delineation of the functionality of the optimization module are provided in the paper [13].
By selecting the optimal product configuration, the output specifications from this module are forwarded to module
6 (CADPC) for detailed design of the optimal product configuration.

It should be noted that the optimization module is a key link in the developed IAKS model. In the case of complex
products, where it is possible to generate a multitude of different configurations, very complex mathematical models
of the objective functions are obtained. Consequently, it is logically not possible to select the most favorable config-
uration. The main advantage of the developed system is that, on a multidisciplinary basis, it automatically selects the
optimal configuration from a set of feasible configurations.

3.5. Advanced Planning and Scheduling Configurator

The input data in this module are as follows: 3D models and 2D drawings of products, product modules, and compo-
nents; product components; operation charts; process flow charts; production and assembly time norms, production
resource specifications; material cutting plans; control plans, etc. This information is obtained from modules 4 and 6
after selecting the optimal product configuration. The structure of the Advanced Planning and Scheduling Config-
urator (APSCQ) is illustrated in Figure 5.

= [}
e 3D models and 2D draw- o2l ees5_ .
. € o E 0D e}
ings of products, modules g2l|=25¢S
]
and components ° 5 g g-(% o ; ;
e Product components g g < ha z E e Operational production plan
e Operation charts Q'g S _‘is" g K e Resource plan
e Process flow charts 23|18 S ¢ Control plan
e Manufacturing and assem- = = e Material and finished goods
bly time standards procurement plan
¢ Production resource Input \ 4 \ 4 out e Construction documentation
specifications ‘ ut ¢ Technological
e Material cutting plan :> APSC :> documentation
Control
. plan — .
o /7 N
L - N
1 1

Production resource databases

5

1

1

1

1

|

|

Material Available Stocks of finished :
Measuring stocks manpower goods :
|

|

1

1

1

1

control tools and

accessories \_) Q

Machines Tools Jigs and fixtures

Figure 5: The structure of module 5: Advanced Planning and Scheduling Configurator [3]

The generation of an operational production plan necessitates the compilation of data from databases pertaining to
available production resources, including machinery, tools, equipment, labor, measuring instruments, and materials
in stock, among other elements. These resources constitute an integral component of the product platform (Module
9). In addition, the generation of an operational production plan requires the delivery date for the product, as well as
data regarding the procurement time for materials and finished goods that are not currently in stock. Operational
production planning is then executed based on the gathered information. The output from the module is comprised
of several elements: an operational production plan, a resource plan, a control plan, a material and finished goods
procurement plan, and documentation necessary for supplying production jobs. It should be noted that this docu-
mentation is forwarded to this module from modules 4 and 6.

3.6. Computer-Aided Design Product Configurator

The Computer-Aided Design Product Configurator (CADPC) is responsible for the automated conversion of the
selected optimal product configuration into detailed 3D models, drawings, and BOM (Bill of Materials) using CAD
systems. In this manner, accurate and thorough technical documentation is automatically obtained, including a vir-
tual prototype of the product. This facilitates comprehension of the customized product for both the manufacturer
and the customer. In the context of designing components and assemblies, contemporary CAD systems employ pa-
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rametric design, a methodology that facilitates the management of product model geometry. Furthermore, these
systems possess the capacity to integrate CAD with KBE and KBD methodologies, thereby facilitating the automation
of the design process. This approach integrates geometry (CAD) with engineering knowledge, encompassing con-
straints, configuration rules, and algorithms. This facilitates the expeditious and effective generation of 3D CAD mod-
els based on specified parameters.

The CADPC structure is illustrated in Figure 6. This module utilizes the optimal configuration parameters (A%, p°")
obtained from module 3 as input. It then designs (customizes) a product with the required characteristics in detail,
based on constraints, rules, connections, and a 3D model database.

Intelligent templates

Parts customization

v

Modules

Technical documentation

[ 3D models

(
(

customization

v

Product
configuration

v

2D drawings
customization [

Output [ 2D drawings

Input

Module 3
oM

Aopt/ pkopt

3D parts and
assembly models

Parametric
relation

Geometric
constraints

Figure 6: The structure of module 6: Computer-Aided Design Product Configurator [18]

The comprehensive configuration process entails the integration and customization of predefined 3D models of com-
ponents, modules, and the entire product. All predefined parameters, constraints, connections, rules, and 3D models
necessary for the configuration of a modular product are stored in CAD databases.

The output from this module comprises detailed 3D models and technical documentation of the product, all associ-
ated modules and components, as well as the material specification and the finished goods specification. It is note-
worthy that these output data also function as the input data for modules 5 and 7. A thorough exposition of the
design and operation of CADPC can be found in [18].

3.7. Sales Configurator

The sales configurator (SC) is responsible for preparing an offer for the customer, which is based on information
received from modules 4, 5, and 6, as well as pricing information. The input data in the SC are as follows:

e operational production plan;

e construction documentation;

e technological documentation;

e supporting documentation about the product.

In accordance with the price data pertaining to materials, processing and assembly, finished goods, consumables,
and additional materials, the sales configurator generates the following documentation for the customer:

quotation;

a covering letter;

a product and service price specification;
payment terms;

a product delivery date;

drawings, sketches, and product characteristics;
additional documentation.
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The structural diagram of the sales configurator is illustrated in Figure 7.

¢ Quotation

¢ Operational production plan « Covering letter

¢ Construction documentation
(3D models and 2D drawings of
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maps, production standards...) e Product drawings, sketches

e Supporting documentation and specifications

(schemes, sketches, ...) e Additional documentation

Processing

Additional
material

Finished
goods

Consumables

and assembly

Figure 7: The structure of module 7: Sales Configurator [3]

The quotation, along with other pertinent documentation, is then forwarded to the customer via the GUL. In this in-
terface, the customer can view a virtual representation of the product and access information regarding the price,
deadline, delivery terms, and other relevant details. This enables the customer to confirm whether they wish to pro-
ceed with the purchase of the proposed product.

3.8. External Interface

The external interface facilitates automated exchange of information between all modules with the product plat-
form and production system, as well as with other components of the business system (purchasing, sales, finance,
etc.).

3.9. Product Platform

The fundamental prerequisite for the development of a family of configurable products is the existence of a common
product platform. In this paper, the product platform is regarded in the most extensive sense, encompassing a series
of modules, submodules, and product components, along with interfaces for their integration, a set of requirements
and constraints, configuration rules, technologies, processes, human and technical resources, databases, knowledge
bases, and other elements. This comprehensive framework facilitates the expeditious and efficient development of
product variants that meet CRs. The proposed system is comprised of modules that are interconnected with the prod-
uct platform via an external interface. These modules draw from the platform the knowledge and data necessary for
configuring the optimal product variant, which, in turn, meets the individual CRs.

The initial development of an automatic MSR configuration platform was undertaken to achieve the automatic gen-
eration of an MSR variant, characterized by a fixed width for the standard product modules [4]. Subsequent enhance-
ments to the platform were made with the objective of generating all possible MSR configuration variants. Conse-
quently, the selection of the optimal configuration, characterized by the ideal width of each product module, can be
accomplished through the implementation of multi-criteria decision-making methodologies. The improved platform
and algorithm for generating all MSR variants are presented in the paper [15].

4. IMPLEMENTATION AND CASE STUDY
The implementation of the proposed system was carried out using the MSR type MODULPRIM (see Figure 8). MRS

MODULPRIM is a component of the production program from "Primat" D.D. in Maribor, Slovenia, manufactured by
Primat Equipment Ltd. in Baljevac, Serbia, and has been selected for IAKS MODULPRIM practical verification.
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Figure 8: MSR MODULPRIM [4]

A total of eight examples of MSR MODULPRIM of resistance grade 5 of rectangular shape were selected to verify and
validate the proposed system [13]. The examples were selected to represent the MSRs that are most often imple-
mented. The dimensional parameters of the MSR in the selected examples range from A=2050+9500 mm,
B=2150+8640 mm, and C=2500+2910 mm. It is noteworthy that all the aforementioned examples were previously
configured using the platform [4] and implemented in practice. The following table presents the fundamental dimen-
sions of the MSR for the eight selected examples.

Table 1: Basic dimensions of MSR MODULPRIM 5 for selected examples

Dimension Example
1 2 3 4 5 6 7 8
A [mm] - MSR length 9500 2050 3560 2200 2830 2350 4430 2900
B [mm] - MSR width 2800 3890 2150 3600 3590 3975 2150 8460
C[mm] - MSR height 2900 2910 2500 2500 2560 2540 2680 2800
D [mm] - Distance door to the left wall 4650 400 1860 506 705 575 2793 400
E [mm] - door width 1200 1150 1200 1104 1200 1200 1137 1200
F [mm] - door height 2110 2110 2105 2110 2165 2155 2110 2150

The initial step in utilizing IAKS MODULPRIM entails the entry of CRs into the GUI. GUI was developed using the
MATLAB software environment and is depicted in Figure 9. The proposed scheme is comprised of two drop-down
lists, one for selecting the resistance grade and another for indicating the direction of door opening. In addition, there
are six fields designated for entering the basic dimensions of the MSR and strongroom door position. Finally, the
scheme includes a sketch to facilitate understanding of the basic dimensions. Adjacent to these options is the "Con-
figuration" button, which initiates the automated configuration process, and the "Offer" button, which generates a
customer offer [13].

IAKS - MODULPRIM

Resistant grade Strongroom Door
MODULPRIM 5 v RIGHT DOOR v
A 4430 mm D 2793 mm ‘ !
8 D
B 2150 mm E 1137 mm
T

\
€[ _mme  F[ 2t | orer

Figure 9: GUI layout with input data for example 7 [13]

Due to the geometric and technological similarity exhibited by these modules, they are divided into two groups: MSR
wall forming modules and MSR floor/ceiling forming modules [3]. Consequently, the comprehensive process of gen-
erating alternatives and selecting the optimal configuration is executed twice, particularly for walls and floor/ceiling
MSR. The MSR conceptual configurator was utilized to generate all feasible MSR configurations, accompanied by all
pertinent parameters, for the selected examples. As delineated in Table 2, the aggregate number of alternatives for
each example is exhibited, separately for walls and floor/ceiling.
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Table 2: Total number of alternatives for all examples

Example 1 2 3 4 5 6 7 8
Wall alternatives 164 260 213 267 281 274 237 276
Floor/ceiling alterantives 347 340 305 311 309 103 362 328

Given the nature of the problem, a solution was devised through the integration of Analytical Hierarchy Process (AHP)
methodologies and Simple Additive Weighting (SAW) techniques from the Multiple Attributes Decision Making
(MADM) group. To ensure an objective allocation of weighting factors, the AHP method was implemented. This
method was chosen to avoid the subjective assignment of weights by the decision-makers. Conversely, the problem
comprises numerous alternatives whose performance can be quantified numerically. Consequently, the selection of
the SAW method to identify the optimal alternative was a rational choice [13].

The paper [13] provides a thorough description and algorithms for implementing AHP and SAW methods, as well as
a description of the operation of the optimization module. As delineated in Table 3, the optimal configuration is de-
termined by the implementation of four distinct criteria functions. Furthermore, the process of verification and vali-
dation of the optimization module is delineated, which integrates the following: 1. Defining the Objective and Prob-
lems of Decision-Making; 2. Structuring the Problem; 3. Relative Weights of Criterion Functions; 4. Choosing an Opti-
mal Alternative.

Table 3: Criteria functions [3, 13, 19]

Criteria Criteria description Function
C ',I\';‘)S"csl production and assembly time of T, = ZTM’ =T, +T,, +T, +T. +po +Tpal +Tpac +T,, [h]
i=1
n k
G Total MSR production costs Cot =Crat TCoonc = Zcmat,- + zcwo,kj [€]
i=1 j=1
8
G Total number of defects in all modules G, = ZG, ‘N,
i=1

Cs
ness of the surfaces of all modules

8
Sum of maximum deviations from the flat- _
Rtot _ZRmaxi .NI
=1

The AHP method was employed to estimate the relative weights of the criteria, as illustrated in Table 4.

Table 4: Relative weights of criteria

Criteria Ci=minT, C,=minC, C;=minG, Cs=minR

Wj 0.0981 0.6644 0.0559 0.1815

The complete procedure for calculating the criterion functions for each alternative, as well as the optimization process
itself, were carried out in MATLAB and are presented in the publications [3, 13]. The application of IAKS MODULPRIM
for selecting the optimal configuration will be demonstrated below for a single example (No. 7). The diagrams illus-
trating the aggregate objective function, along with the position of the optimal alternatives in relation to the derived
solutions for example 7, are presented in Figure 10.

Wall modules Floor/ceiling modules
1.02 1.03
1.00 100
0.98 S - Total function

0.97
0.96 A,, - Optimal S - Total function
alternative 0.94 A5 - Optimal

0.94

0.91 alternative
0.92
J
0.90 0.88
Derived Solution 0.85
0.88 Derived Solution
0.86 0.82
1 26 51 76 101 126 151 176 201 226 1 51 101 151 201 251 301 351
Alternative Alternative

Figure 10: Summary objective functions with the position of optimal alternatives in relation to the derived solutions
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In the subsequent phase, the MSR design undergoes automatic customization in Autodesk Inventor, guided by the
parameters of the optimal alternative. The integration was executed through the utilization of the iLogic software,
within which the rules that automate the design process were formulated. The rules have been formulated in accord-
ance with the MSR configuration platform.

|
MatLAB
Algorithms

I

=

ntor

Au’fodersri(ﬂlnve
CAD

|
N

Figure 11: Integration of CAD with algorithms (frames, constraints, design rules, etc.)

The configuration of the MSR is dependent on the automatic configuration of all 3D components and 3D assemblies
necessary to form the modules. For configuring example 7, a total of 29 modules (8 different modules) are required
to configure the MRS, which is shown in Figure 12 (left). Furthermore, the technical drawings for all components that
require fabrication, in addition to the assembly drawings of all modules and the entire MRS, have been revised. As
illustrated in Figure 12 (right), a one technical drawing is provided for a component that must be fabricated.
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Figure 12: Custom 3D model of the MSR (left) and technical drawing of the A1 module shell (right)

In determining the delivery date, IAKS MODULPRIM automatically generates a Gantt chart, which visually displays the
key activities, their implementation times, and resources (Figure 13).

ID |Task Name Mar '25 | 24 Mar 25 ‘ 31 Mar ‘25| 07 Apr 25 ’ 14 Apr'25 | 21 Apr 25 ‘28 Apr ‘25 | 05 May *25‘ 12 May 25/ 19 May '25‘ 26 May 25/ 02 Jun 25 ‘09 1
wlels|tlrlsimlwlels|trlsImlwlels|tr]sImwlelsIt]tlsImwlels[tIT]sImlwlels|t][T]s|ml
1 Project Start 20.03
2 | Procurement, Transport, and Storage of 1 Procurement officer
Materials
3 | Incoming Inspection Controller
4 | Hydraulic Shears Locksmith[200%]
5 | Laser Cutting Locksmith
6 | Bending (NCAP) lLocksmith[ZOo%]
7 | Assembly lL¢:)cksmith[600%]
8 | Concreting Locksmith[300%]
9 | Concrete Curing E
10 | Removing and cleaning the module %ocksmith[Goo%];Painter
11 | Degreasing and Painting Painter
12 | Pallet Production L ith J'
13 | Packaging and Dispatch 1Locksmith[300%]
14 | Transport l
15 | Montage lLocksmithu
16 | Final Inspection and Acceptance of the Facility lControI'
17 | Project Completion ¢ 05.06

Figure 13: Automatically generated Gantt Chart for Example #7

To automate the proposed system, the main program code was written in MATLAB. Its primary function is to establish
interconnections among all modules. This entails receiving CRs from the GUI and, further, in a certain order, forward-
ing them to other modules requesting defined feedback.
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5. DISCUSSION AND RESULTS ANALYSIS

The application of an integrated system (IAKS MODULPRIM) enables the complete automation of the MSR configura-
tion process. This approach has been shown to significantly reduce the time required for the design of the MSR and
eliminate errors from the design process. The automatic selection of the optimal MSR configuration has been demon-
strated to reduce subjectivity in decision-making processes.

A thorough analysis was conducted into the implementation of IAKS MODULPRIM across all eight case studies. The
values of the criterion functions for the derived solutions (based on the old product platform) and the optimal solu-
tions (selected based on IAKS MODULPRIM, based on the new product platform) were meticulously compared [3, 13].
The effects of the application are as follows:

e An average decrease of 3.3% in the total time required to produce and assemble the MSR;
e Anaverage reduction of 7.0% in total production costs;
e An average 28.7% decrease in the total number of errors in all MSR modules; and

e Anaverage reduction of 12.5% in the total sum of the maximum deviations from the flatness of the surfaces
of all modules.

Furthermore, a reduction in the number of modules was observed, resulting in the following findings:

e Forinstance, in example 7, the number of distinct wall modules was diminished by 2 modules (19%), and the
total number of modules was reduced by 7 modules (20%);

e Forall 8 examples, the number of different modules on the walls is lower due to the reduction of the number
of non-standard modules by an average of 11.11%, which contributes to the rationalization of production;
e Forall 8 examples, the total number of modules necessary to produce one MSR was reduced by an average

of 18.32% for walls and by 25% for floors/ceilings. This reduction is also suitable for the rationalization of
production.

6. CONCLUSION

The development of the MSR platform engendered the possibility the generating numerous feasible alternatives for
the same CRs, thereby necessitating the selection of the optimal solution. The present study puts forth a proposal for
an integrated automatic configuration system for MSR (IAKS MODULPRIM). This system combines key elements in the
development of modular products, including multi-attribute decision making and CAD tools. IAKS MODULPRIM facil-
itates the generation of all MSR configurations, the selection of the optimal MSR configuration, the CAD design of the
MSR (in the form of 3D models and technical documentation), the creation of technological documentation, and the
creation of a quote for the customer.

The integration of these methodologies has been demonstrated to yield several benefits, including enhanced effi-
ciency and accuracy in MSR design, a reduction in production time and costs, and an improvement in MSR quality. A
case study involving the implementation of IAKS MODULPRIM in eight real-world scenarios demonstrated a cumula-
tive improvement effect of 10.3%.

The automation of the product configuration process has enhanced the efficiency of the system by reducing or elim-
inating repetitive tasks and decreasing design time. It is possible to swiftly provide the customer with the desired MSR
configuration of exceptional quality at the lowest possible price in the shortest possible time.

The software implementation of the complete system was executed in MATLAB, Autodesk Inventor, iLogic, and MS
Project. Future research endeavors aimed at enhancing IAKS MODULPRIM might encompass the following directions:

e Verification and validation on new examples;

e Inclusion of new criterion functions and optimization algorithms;

e Application of artificial intelligence methods; and

e Identification of real practical challenges in implementation in the company's business system.
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