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Abstract. Creating a more agile and productive industrial base using intelligent
and emerging technologies relying on systems engineering is not only a progress
key for any entity regardless of its size but also is the durability factor in the
nowadays competitive industrial environment. Therefore, to promote the tradi-
tional document-based information exchange, serial design procedures, and sin-
gle disciplinary analysis, systems of systems thinking would need to be expanded
in organizations. This strategy should be implemented from the beginning of the
project definition and stakeholder needs to the entire product development pro-
cess throughout the V-diagram and persists throughout the product's operational
life. Despite recently developed tools and significant growth and movement from
the level of Industry 1.0 to 4.0 toward smart manufacturing, many researchers are
still trying to push the boundaries of manufacturing. However, companies have
faced many challenges in addressing such technology growth trends in their long-
term enterprise strategy and design. Although the Model-based Systems Engi-
neering (MBSE) tools by visual modeling of the communication of the infor-
mation alleviate some difficulties for companies in many respects, bridging be-
tween systems-level decisions, design requirements, and sustainability dimen-
sions through connecting MBSE and Multidisciplinary Systems Design Optimi-
zation (MSDO) can promise strategic advantages and innovation. Providing such
a combined tool with visual modeling helps manufacturers trace the effect of their
decisions and achieve sustainable manufacturing goals faster. By reviewing the
application of MBSE in smart factories, this paper will provide future research
fields for further development to enable sustainable innovation in manufacturing
and factory design.

Keywords: Smart Manufacturing, Sustainable Manufacturing, Systems Think-
ing, Model-based Systems Engineering, Multidisciplinary Systems Design Op-
timization.



1 Introduction

Despite supply crosswinds and instability of the marketplace, the manufacturing indus-
try strongly persists to surpass the expectations of previous years [1]. Leading compa-
nies strive to create a digital environment that allows them to achieve dimensions of
sustainability space (i.e economic, environmental, and social sustainability) as much as
possible through a concurrent procedure. On the other hand, the level of innovation
maturity within factories has a remarkable impact on their competitiveness and profit-
ability. Therefore, creating a more agile and productive industrial base using intelligent
and emerging technologies relying on systems engineering is not only a progress key
for any entity regardless of its size but also is the durability factor in the nowadays
competitive industrial environment. As the level of digital transformation defines the
level of innovation maturity companies have achieved, leaders should leverage digital
technologies, adopt intelligent strategies for future products, and drive whenever pos-
sible toward sustainability [2, 3]. In this respect, this paper explores that Model-based
Systems Engineering (MBSE) relying on systems of systems thinking strategy should
be at the top of the agenda for many companies which try to survive and improve
productivity. Therefore, the triangle of intelligent manufacturing should cover Innova-
tion, Digitalization, and System Thinking, to companies keep pace with technology

(Fig. 1).

On the other hand, with the substantial increase in demand for personalized products,
manufacturing architecture has become extremely complex both in terms of concept
and structure. Designing such a factory deals with several internal and external collab-
orations at the system level as well as mechanical, electrical, automation, and other
relevant fields at the sub-system level, which further reveals the need to consider a
Multidisciplinary Systems Design and Optimization (MSDO) framework. In the last
decades, lots of research addressed the topics of digital twins (DT) [4, 5], MBSE [6, 7],
and MSDO [8, 9] separately. Also, several literature reviews have been done on each
topic [10, 11]. Despite many followers in these fields, today we need all of them in one
framework. While MBSE is expanding in the manufacturing industry, new methodol-
ogies based on Systems Engineering (SE) concepts have been developed to adapt the



manufacturing procedure to new demands, in which the system'’s architecture and re-
quirements are followed concurrently through the product life cycle from design and
development to manufacturing and retirement/replacement. These new methodologies
which call the agile approach and rely on MBSE and MSDO have been trying to bridge
the gap between mentioned critical subjects [12]. The ability of agile methodologies as
practical improvement in engineering and other fields has been demonstrated in many
companies [13].

However, one of the vital challenges in current manufacturing processes is that DT,
MBSE, and MSDO are performed as three different activity streams, based on separate
tools and requiring specific expertise. In the future industry should benefit from the
capabilities of all three SE, DT, and MSDO methodologies in dealing with complex
manufacturing problems.

To address these issues, in the following, a brief overview of key parts of this paper
including the industrial revolution, MBSE, and MSDO presented. Then, in the discus-
sion section, some research initiatives with a focus on bridging between MBSE and
MSDO are highlighted. Finally, the paper is ended up with an outlook on future direc-
tions within manufacturing toward sustainability.

2 Design and Optimization Methodologies

The topic of optimality and productivity in presence of variation and uncertainty that
are inevitable parts of any manufacturing and assembly of complex real-world systems
is not a new one. It goes back to Six Sigma and the reliability concepts in the early
1990s when William Smith, a reliability engineer at Motorola, proposed the concept of
Six Sigma to alleviate the high failure rate of Motorola's products. After that, many
companies like Motorola, General Electric, Allied Signal, Black and Decker, Honey-
well, ABB, and Bombardier proclaimed that they had impressive business performance
achieved through this strategy [14]. Design for Six Sigma (DFSS) behaves as a man-
agement strategy that helps companies provide an efficient roadmap to improve manu-
facturing procedures to eliminate defects in products, processes, and services. Accord-
ing to DFSS, many procedures such as DMAIC (i.e. Define, Measure, Analyze, Im-
prove, and Control) or DMADV (comprising Define, Measure, Analyze, Design, and
Verify) had emerged to help certify the final quality of the product [15]. The role and
situation of considering DFSS and DMAIC/DMADYV in the product life cycle are pre-
sented in Fig. 2.

DFSS (new product development) DMAIC (product improvement)
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Fig. 2. DFSS and DMAIC/DMADYV in the product life cycle

However, the traditional optimal design process which is based on a sequential ap-
proach although has its advantages, it does not include online interdisciplinary interac-
tions and finally leads to local optimality and complexity in the decision-making as
well as a gap between product design and prototype manufacturing [16]. Despite these
challenges and as the traditional method is time-consuming with inevitable iterations



on the whole design and development process, the engineering community had been
needed a paradigm shift in design methodology for complex engineering systems. To
overcome or at least alleviate those problems, new methodologies known as Concurrent
Engineering (CE) and Multidisciplinary Design Optimization (MDO) had been devel-
oped which are relying on parallelization. A schematic comparison between the tradi-
tional and CE methods is illustrated in Fig. 3 [17]. CE aims to provide a balanced design
through full and formal multi-disciplinary integration and optimization concurrently in
all disciplines [18]. Also, one of the popular definitions of MDO is “a methodology for
the optimal design of complex engineering systems and subsystems that coherently ex-
ploits the synergism of mutually interacting phenomena using high fidelity analysis with
formal optimization"[19]. Publishing lots of literature in these fields demonstrates the
successful application of CE and MDO on various engineering projects from design to
manufacturing in the last decades [20-22].

Ii Design Engineering —I
Requirements A -
definition —>| Design H verify H Prototype H Review |-|

I—b| Redesign |—>| Reverify H Produce |—>| Test |

Sequential/Serial Engineering

Serial Engineering

Performance

Testability

concurrent -
Engineering Manufacturability

Design |——| verify |—->| Review |—>| Produce |——| Test

Requirements
Definition

Quality

Concurrent Engineering
Fig. 3. Traditional Sequential Engineering versus Concurrent Engineering [17]

Furthermore, although real-world manufacturing mainly suffers from the various
system and sub-system requirements, the curse of dimensionality regarding considering
disciplines, and the multi-disciplinary nature of the involved disciplines, these issues
may be intensified by considering different sources of uncertainties in the product
lifecycle realization. The uncertainty sources can be divided into the following general
categories: mission, design, manufacturing, and operation [23] (see Fig. 4). To alleviate
such challenges, features like flexibility [24], modularity [25, 26], and automation [27]
have been utilized within the manufacturing industry. Besides, Systems Modeling and
Simulation (SMS) through Uncertainty-based Design Optimization (UDO) methodol-
ogies like Robust Design Optimization (RDO) and Reliability-based Design Optimiza-
tion (RBDO) are other major enablers for fulfilling system requirements and constraints
in presence of uncertainties. The RDO is a design methodology for achieving a product



less sensitive to various uncertainties. Also, RBDO is a methodology to have an optimal
product that fulfills a predetermined and acceptable level of failure [23].
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Fig. 4. Uncertainty sources in product life cycle [23]

The main challenges and future research in UDO fields of study have been addressed
in [28]. By introducing computational burden as the main problem in applying UDO
methods to real-world problems, new research fields like Surrogate-Assisted Optimi-
zation (SAQO) and Evolution Control Strategies (ECS) as powerful paradigms have
emerged over the last two decades [29-31].

Another design methodology that has been developed in parallel with the concepts
of DFSS, CE, and MDO is Axiomatic Design (AD), which is based on deriving the
Functional requirements (FRs) and related Design Parameters (DPs) [32]. DPs are the
key solutions that have to logically satisfy the specified set of FRs. Although numerous
research has been done on AD and its application in the design of manufacturing sys-
tems, some researchers are still working on both the theory and practical application
aspects [33-37]. According to the basis of AD (Fig. 5), it models the interactions be-
tween FRs as what we want to achieve and the DPs as what physical implementation
we choose to achieve the FRs [34].
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Fig. 5. The basis of AD [34]



3 Model-based Systems Engineering

The traditional document-centric SE of real-world products always involves thousands
of created and maintained documents meanwhile the product life cycle. Some of these
documents include requirements specification, requirements traceability, design struc-
ture matrix, test scenarios and specifications, interface control documents, and so on. It
is important to note that the information in these documents is not independent and in
contrast, the change of information in any document needs to be traced and exchanged
manually in all the other affected documents [38, 39].

In recent years, SE followed by Model-Based Systems Engineering (MBSE) has un-
dergone major changes. The transition from traditional systems engineering to MBSE
(i.e. document-centric to model-centric) is depicted in Fig 6 [38]. As an alternative to
the traditional document-based information exchange, MBSE has received more popu-
larity within the industry. In MBSE, visual modeling of communication has made it
easier to trace requirements and stakeholder needs. According to the SMS_ThinkTank™
[40], a global resource and leader in systems modeling and simulation, the best defini-
tion for MBSE is provided as follows: “MBSE is the formalized application of modeling
to support system requirements, design, analysis, verification, and validation activities
beginning in the conceptual design phase and continuing throughout development and
later life cycle phases™.
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Fig. 6. Traditional SE (left) in comparison with MBSE (right) [38]

The International Council on Systems Engineering (INCOSE) has pointed out in its
vision 2025 report that MBSE has provided a basis for profitable success in today and
future industries [41]. In this way and relying on the traditional understanding of the
lifecycle of a product or process (i.e. V-diagram), researchers develop a lot of frame-
works based on the System Model Language (SysML). The Cameo [42], GENESYS
[43], Modelica [44], and Capella [45] are some of the common MBSE tools. Therefore,
the importance of diving into MBSE, whenever possible, is clear to the overall engi-
neering community as asking for it. On the top, we have industrial companies like Boe-
ing [46] and Airbus [47] which are pushing more and more MBSE and virtual integra-
tion as the way to interact with their suppliers in the future (Fig. 7).

While MBSE has progressively been used in industrial applications, many open is-
sues still confine the execution of MBSE [48]. The teamwork nature of the MBSE, lack
of knowledge of experts to work with relevant tools, information security, resistance to



organizational culture change, and refrain from investing in new methods/software are
some of these barriers. In any case, although companies are compelled to move in this
direction, their steps depend on their organizational capabilities and are different for
small to medium-sized enterprises.
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4 Smart and Sustainable Manufacturing

The industry is undergoing an era of digital transformation. Since the dawn of the in-
dustrial age, despite recently developed tools and significant growth and movement
from the level of Industry 1.0 to 4.0 toward smart manufacturing to achieve higher
levels of innovation maturity, manufacturers have been evolving and adapting in re-
sponse to new technological innovations and changing market demands. Also, many
researchers are still trying to push the boundaries of manufacturing [49, 50].

During the last decade, the engineering community relying on Industry 4.0 technol-
ogies and specifically digital twin technology tries to connect systems and operations
to achieve smart manufacturing. To attain this, virtual capabilities are required at many



stages of the product life cycle. Therefore, the main transformative aspect of the digital
twin is to position the DT in the SE life cycle by expanding the traditional understand-
ing of the V-diagram from a sequential to an iterative view (like a W-diagram) at every
stage based on a closed-loop process through including a specific virtual prototyping
stage. The virtual stage is then used as the basis of DT in the second cycle (Fig. 8) [51].
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Furthermore, both DT and the physical could be sustained by a linked MBSE tool,
which supports data and workflow. Such a configuration guarantees bidirectional in-
formation transmission between the DT and the physical twin by serving MBSE as a
digital thread [6, 52]. It is expected that digitalization become a distinguished capability
within MBSE because of its four different levels of execution in the products life cycle
(i.e. Pre-DT, DT, Adaptive DT, and Intelligent DT) while at the same time connecting
cutting-edge technologies to MBSE push it toward new features in smart manufacturing
to penetrate impressively in various industries.

On the other hand, in recent years, various sources forced the industry to move to-
ward a new step of evolution, the step that sustainability is its core [53, 54]. It could be
seen that this major factor with three dimensions of economic, environmental, and so-
cial sustainability (also known as Triple Bottom Line), not only is a multidisciplinary
problem but also could be considered as a multi-objective optimization problem. When
we consider different weights for the environmental, social, and economic, it deals with
weak sustainability and aims to balance them. In contrast, strong sustainability focusing
on the whole system dealt with the three subjects as nested and admits different weight-
ings for the dimensions [55, 56]. Therefore, it is better to seek Pareto solutions in deal-
ing with such problems to represent the best feasible design points that can be achieved
(Fig. 9) [57]. It seems that sustainability is more of an organizational culture than a
structure or goal. Therefore, since sustainability is considered a major competition cri-
terion between companies today, a reorientation of the manufacturing society is neces-
sary, utilizing knowledge and values to generate notable changes.
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Fig. 9. Sustainability as a multi-objective optimization problem [56, 57]

5 Bridging the Gaps toward Smart and Sustainable
Manufacturing Systems Design

As aforementioned, by facing ever-increasing complexity in industrial systems and
marketplace demands, and an uncertain environment, organizations have already begun
transitioning from traditional SE to MBSE and digitalization to achieve agile proce-
dures. Therefore, it is clear that this transition is no anymore a plus, it is a must. But,
despite some successes, this shift is a challenging and time-consuming process. There
is no straightforward and unique path to attain this. It depends on many factors, culture,
facilities, maturity, experts’ knowledge, level of communication and interactions, man-
agers’ and leaders’ adoption strategy, and way of thinking.

Although different approaches like MSDO, MBSE, and DT have been taken and
developed, it's time to bring them into an integrated framework. Currently, companies
such as MathWorks [58] and GENESYS [59] are trying to provide the platform for this
integration with the possibility of communicating different software on the MBSE plat-
form. Furthermore, according to INCOSE Vision 2035 [60], a family of unified, inte-
grated MBSE-SMS frameworks develops by 2035. They will leverage MSDO method-
ology and DTs and would fully integrate with the digital thread foundation to provide
life cycle management systems.

For the practical integration of MBSE tools with MSDO and achieve sustainability
in smart manufacturing, which is a multi-objective as well as multidisciplinary prob-
lem, the Free University of Bolzano and Purdue University Fort Wayne are starting a
research project entitled “SFDD - Sustainable Factory Design Decomposition”. Using
MBSE approaches along with MSDO could alleviate difficulties in dealing with such
multi-objective complex systems. MBSE is taking over the role of a formalized and
digitally supported application of modeling to derive system requirements, evaluate
system architectures, and analyze, verify, and validate design activities. Whereas
MSDO focuses on numerical optimization (e.g. MATLAB-Simulink) for the design of
systems that involve several disciplines or subsystems with multiple and interdiscipli-
nary objectives and interactions due to sustainability goals. Providing such a combined
tool relying upon visual modeling helps factory designers and stakeholders easier fol-
low up on the effect of their decisions and achieve sustainable manufacturing goals
easier and faster.
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6 Conclusion and Outlook

This paper proposed a general review of the field of systems engineering from the sys-
tems design and optimization view to digitalization and digital twin perspective. In this
regard, after a brief introduction and illustration of the intelligent manufacturing trian-
gle, the concept of Six Sigma and its procedures to increase reliability in the product
life cycle is explained. In the next step, to find an alternative to traditional sequential
design methodologies, we described the emerged CE and MDO approaches. To include
different sources of uncertainties in design and attain feasible manufacturing and de-
crease the gap between design to practice, RDO and RBDO methods are explained.
Meanwhile, SAO approaches based on machine learning and artificial intelligence have
been developed to alleviate complexities with the computational burden of the men-
tioned design methodologies. Parallel to design and optimization, some research has
been focused on methods like AD to work breakdown structure to clarify the problem
definition in different levels of the system providing trees of information from stake-
holder needs to requirements and physical solutions to find alternatives to make better
decisions. With technology advancements and a competitive environment toward inno-
vation and digitization, organization and Small and medium-sized enterprises have to
change their thinking culture. MBSE is the master key and the best tool for the transition
from traditional document-based information exchange space to digitalization in the
least possible time.

Although different software has been developed in each era and now each is func-
tional, reliable, and mature software separately, there is still a gap between their prac-
tical combination from the system of systems perspective and not a single-disciplinary
view [61]. Therefore, as near-future research in the SFDD project, we will try to accel-
erate manufacturing factories' transition towards both profitable and ecologically and
socially sustainable factories by combining SE, MBSE, and MDO. To achieve this goal,
the research team will collect direct data regarding needs through semi-structured in-
terviews asking users and stakeholders of factories (owner, manager, production engi-
neers, associations, innovation clusters) and evaluate the relevance of collected data in
focus group workshops. Afterward, AD will be used for translating these needs into
technically sound functional requirements (FRs). Collected user needs containing non-
solution-neutral data will undergo an AD reverse engineering approach for retrieving
the underlying FRs. Candidate design parameters (physical solutions) (DPs) will be
derived for each FR and metrics will be identified to make candidate solutions measur-
able and comparable. MBSE tools will be applied for supporting the modeling of re-
quirements, design, analysis, verification, and validation. The full set of systems re-
quirements and interactions will be evaluated afterward through MDO by establishing
the mathematical model for each subsystem and using optimization algorithms to
achieve finally an optimized design. Based on the Manufacturing System Design De-
composition (MSDD) approach [62] an evaluation tool will finally be developed to
create a hands-on assessment tool evaluating the sustainability status of manufacturing
companies and to guide factory and process designers in making their factories greener
and socially sustainable.



11

Acknowledgments

This research is part of the “SFDD - Sustainable Factory Design Decomposition” pro-
ject and has received funding from the Autonomous Province of Bolzano, (grant num-
ber TN221R).

References

1.

10.

11.

12.

13.

14.

15.

2023 Manufacturing Industry Outlook, https://www.deloitte.com/global/en/Indus-
tries/industrial-construction/analysis/gx-manufacturing-industry-outlook.html

. Qi, Qinglin, Fei Tao, Ying Zuo, and Dongming Zhao: Digital twin service towards

smart manufacturing. Procedia Cirp 72: 237-242 (2018).

Kossiakoff, Alexander, et al.: Systems engineering principles and practice. Vol. 83.
John Wiley & Sons, (2011).

Li, Lianhui, Bingbing Lei, and Chunlei Mao: Digital twin in smart manufacturing.
Journal of Industrial Information Integration 26: 100289 (2022).

Shao, Guodong, et al.: Digital twin for smart manufacturing: the simulation aspect.
2019 Winter Simulation Conference (WSC). IEEE, (2019).

Madni, Azad M., Carla C. Madni, and Scott D. Lucero: Leveraging digital twin
technology in model-based systems engineering. Systems 7, no. 1: 7 (2019).

. Cha, Suhyun, Birgit Vogel-Heuser, and Juliane Fischer: Analysis of metamodels

for model-based production automation system engineering. IET Collaborative In-
telligent Manufacturing 2, no. 2: 45-55 (2020).

Liu, Guang, Yi Xiong, and David W. Rosen: Multidisciplinary design optimization
in design for additive manufacturing. Journal of Computational Design and Engi-
neering 9, no. 1: 128-143 (2022).

Butkewitsch, Sergio, and Helvio Markman Filho.: A systems engineering-driven
decomposition approach for large-scale industrial decision-making processes. In
Smart Manufacturing, pp. 261-282. Elsevier, (2020).

Liu, Mengnan, Shuiliang Fang, Huiyue Dong, and Cunzhi Xu: Review of digital
twin about concepts, technologies, and industrial applications. Journal of Manufac-
turing Systems 58: 346-361 (2021).

Son, Y. H.,, Kim, G. Y., Kim, H. C., Jun, C., and Noh, S. D.: Past, present, and
future research of digital twin for smart manufacturing. Journal of Computational
Design and Engineering, 9(1), 1-23 (2022).

Wu, Youde, Linzhen Zhou, Pai Zheng, Yanging Sun, and Kaikai Zhang: A digital
twin-based multidisciplinary collaborative design approach for complex engineer-
ing product development. Advanced Engineering Informatics 52: 101635 (2022).
Komus M., Ayelty K.: Status quo agile 2019/2020. In: 4" international survey ben-
efits and challenges of (scaled) agile approaches, (2020).

Kumar, U. Dinesh, John Crocker, T. Chitra, and Haritha Saranga: Reliability and
Six Sigma Management. Springer US, (2006).

Selvi, K., and Rana Majumdar: Six sigma-overview of DMAIC and DMADV. In-
ternational Journal of Innovative Science and Modern Engineering 2, no. 5: 16-19
(2014).



12

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Walden D, Roedler G, Forsberg K, Hamelin R, Shortell TM.: Systems engineering
handbook: a guide for system life cycle processes and activities. Wiley, New York
(2015).

Sofuoglu, Ecehan: Different Approaches to Concurrent Engineering. Research
Gate Publication (2011).

K. Sudhakar, P.M. Mujumdar, Amitay Isaacs: Multidisciplinary Design Optimiza-
tion — A Paradigm Shift in Design Methodology for Complex Engineering Sys-
tems. Centre for Aerospace Systems, Design & Engineering Department of Aero-
space Engineering, 11T Bombay, Dec. 6, (2002).

Martins, Joaquim RRA, and Andrew B. Lambe: Multidisciplinary design optimi-
zation: a survey of architectures. AIAA Journal 51, no. 9: 2049-2075 (2013).
Stjepandi¢, Josip, Nel Wognum, and Wim JC Verhagen: Concurrent engineering
in the 21% century. Concurrent Engineering in the 21% Century: Foundations, De-
velopments, and Challenges. https://doi. org/10.1007/978-3-319-13776-6 (2015).
Ammar, Randa, Moncef Hammadi, Jean-Yves Choley, Maher Barkallah, Jamel
Louati, and Mohamed Haddar: The Design and Modeling of an Optimized Mech-
atronic System Using a Set Based Concurrent Engineering. In International Con-
ference on Acoustics and Vibration, pp. 111-120. Springer, Cham, (2018).

Yao, Xiling, Seung Ki Moon, and Guijun Bi.: Multidisciplinary design optimiza-
tion to identify additive manufacturing resources in customized product develop-
ment. Journal of Computational Design and Engineering 4, no. 2: 131-142 (2017).
Yao, Wen, Xiaogian Chen, Wencai Luo, Michel VVan Tooren, and Jian Guo.: Re-
view of uncertainty-based multidisciplinary design optimization methods for aero-
space vehicles. Progress in Aerospace Sciences 47, no. 6: 450-479 (2011).

Tolio, Tullio.: Design of flexible production systems. Berlin/Heidelberg, Germany:
Springer, (2008).

Shaik, Abdul Munaf, V. V. S. Rao, and Ch Rao: Development of modular manu-
facturing systems—a review. The International Journal of Advanced Manufactur-
ing Technology 76, no. 5: 789-802 (2015).

Rauch, Erwin, Dominik T. Matt, and Patrick Dallasega: Mobile On-site Facto-
ries—Scalable and distributed manufacturing systems for the construction indus-
try." In 2015 International Conference on Industrial Engineering and Operations
Management (IEOM), pp. 1-10. IEEE, (2015).

Lu, Yugian, Xun Xu, and Lihui Wang: Smart manufacturing process and system
automation—a critical review of the standards and envisioned scenarios. Journal of
Manufacturing Systems 56: 312-325 (2020).

Viana F.A., Simpson T.W., Balabanov V., Toropov V.: Special section on multi-
disciplinary design optimization: metamodeling in multidisciplinary design opti-
mization: how far have we really come? AIAA J 52(4):670-690, (2014).

Tenne Y., Goh C.K.: Computational intelligence in expensive optimization prob-
lems. (Vol. 2). Springer Science & Business Media, Berlin, (2010).

Roshanian J., Bataleblu Ali A., and Ebrahimi M.: A novel evolution control strat-
egy for surrogate-assisted design optimization. Structural and Multidisciplinary
Optimization 58, no. 3: 1255-1273 (2018).

Bataleblu Ali Asghar: Computational intelligence and its applications in uncer-
tainty-based design optimization." In Bridge Optimization-Inspection and Condi-
tion Monitoring. IntechOpen, (2019).




32.

33.

34.

35.

36.

37.

38.

39.

40.
41.
42.
43.
44,
45,
46.

47.

48.

49.

13

Kulak, Osman, Selcuk Cebi, and Cengiz Kahraman: Applications of axiomatic de-
sign principles: A literature review. Expert systems with applications 37, no. 9:
6705-6717 (2010).

Brown, Christopher A., and Erwin Rauch: Axiomatic design for creativity, sustain-
ability, and industry 4.0." In MATEC Web of Conferences, vol. 301, p. 00016.
EDP Sciences, (2019).

Cochran, David S., Steve Hendricks, Jason Barnes, and Zhuming Bi: Extension of
manufacturing system design decomposition to implement manufacturing systems
that are sustainable. Journal of Manufacturing Science and Engineering 138, no. 10
(2016).

Gualtieri, Luca, Erwin Rauch, et al.: Application of Axiomatic Design for the de-
sign of a safe collaborative human-robot assembly workplace. In MATEC Web of
Conferences, vol. 223, p. 01003. EDP Sciences, (2018).

Rauch, Erwin, and Dominik T. Matt: Artificial intelligence in design: A look into
the future of axiomatic design. In Design Engineering and Science, pp. 585-603.
Springer, Cham, (2021).

Park, Sang-ok, Jongmin Yoon, Hochan An, Jeonggyu Park, and Gyung-Jin Park:
Integration of axiomatic design and design structure matrix for the modular design
of automobile parts. Proceedings of the Institution of Mechanical Engineers, Part
B: Journal of Engineering Manufacture 236, no. 3: 296-306 (2022).

Madni, Azad M., and Shatad Purohit: Economic Analysis of Model-Based Systems
Engineering. Systems 7, no. 1: 12 (2019).

Purohit, S., Madni, A.M.: Towards Making the Business Case for MBSE. In:
Madni, A.M., et al.: Recent Trends and Advances in Model-Based Systems Engi-
neering. Springer, Cham, (2022). https://doi.org/10.1007/978-3-030-82083-1_28
E. A. Ladzinski and D. Tolle: DIGITAL TWIN Its Role and Structure within a
Modern Systems Engineering Approach. SMS_ThinkTank™, (2019).

INCOSE (2014). A World in Motion, Systems Engineering Vision 2025, (2014).
No Magic. Cameo Systems Modeler User Guide. v. 18.1. No Magic; (2015).
Vitech Corporation. GENESYS System Definition Guide. v. 6.0. Blacksburg, VA:
Vitech Corporation; (2018).

Modelica Association. Modelica - A Unified Object-Oriented Language for Sys-
tems Modeling. v. 3.4. Modelica Association; (2017).

Roques P.: Systems Architecture Modeling With the Arcadia Method: A
Practical Guide to Capella. Elsevier; (2017).

D. Seal: The System Engineering ‘V’ — Is it Still Relevant in the Digital Age? Boe-
ing Company, Global Product Data Interoperability Summit, Presentation, (2018).
Marco Ferrogalini and Marco Forlingieri, Transforming Airbus through Product
Line Engineering - Foundation and real-life Implementation, Airbus Company,
(2020).

Tschirner, Christian, et al.: Tailoring Model-Based Systems Engineering concepts
for industrial application. 2015 Annual IEEE Systems Conference (SysCon) Pro-
ceedings, IEEE, (2015).

Herrmann, Frank: The smart factory and its risks. Systems 6, no. 4: 38 (2018).


https://doi.org/10.1007/978-3-030-82083-1_28

14

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Wagg, D. J., Keith Worden, R. J. Barthorpe, and Paul Gardner: Digital twins: state-
of-the-art and future directions for modeling and simulation in engineering dynam-
ics applications. ASCE-ASME J Risk and Uncert in Engrg Sys Part B Mech Engrg
6, no. 3 (2020).

Wagg, D. J., Keith Worden, R. J. Barthorpe, and Paul Gardner: Digital twins: state-
of-the-art and future directions for modeling and simulation in engineering dynam-
ics applications. ASCE-ASME J Risk and Uncert in Engrg Sys Part B Mech Engrg
6, no. 3 (2020).

Schluse, Michael, Linus Atorf, and Juergen Rossmann: Experimentable digital
twins for model-based systems engineering and simulation-based development. In
Annual IEEE international systems conference (SYSCON), pp. 1-8. IEEE, (2017).
Rauch, Erwin, and David S. Cochran: Sustainable Introduction of Industry 4.0: A
Systematic Literature Review. Proceedings of the International Conference on In-
dustrial Engineering and Operations Management Rome, Italy, (2021).

Furstenau, Leonardo B., Michele Kremer Sott, Liane Mahlmann Kipper, Enio
Leandro Machado, et al.: Link between sustainability and industry 4.0: trends, chal-
lenges and new perspectives. IEEE Access 8: 140079-140096 (2020).
Morandin-Ahuerma, Indra, et al.: Socio—ecosystemic sustainability. Sustainability
11, no. 12: 3354 (2019).

Rupprecht, Christoph DD, Joost Vervoort, Chris Berthelsen, Astrid Mangnus, Na-
talie Osborne, Kyle Thompson, Andrea YF Urushima et al.: Multispecies sustain-
ability. Global Sustainability 3 (2020).

Mattson, Christopher A., Andrew T. Pack, Vicky Lofthouse, and Tracy Bhamra.:
Using a product’s sustainability space as a design exploration tool. Design Science
5 (2019).
https://figes.com.tr/en/makaleler/matlab-and-simulink-for-model-based-systems-
engineering
https://www.zuken.com/en/resource/vitech-improves-mbse-performance-and-usa-
bility-in-genesys-2022/

INCOSE (2021): Systems Engineering Vision 2035, engineering solutions for a
better world. (2021)

Henderson, Kaitlin, and Alejandro Salado: Value and benefits of model-based sys-
tems engineering (MBSE): Evidence from the literature. Systems Engineering 24,
no. 1: 51-66 (2021).

Cochran, D. S., Arinez, J. F., Duda, J. W., & Linck, J.: A decomposition approach
for manufacturing system design. Journal of manufacturing systems, 20(6), 371-
389. (2001).



