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The fourth chapter summarised the results of the communication architecture implementation and
compared it to the baseline performance of the case study in this section for ease of readability.
This chapter took a closer look at the improved production performance in terms of production

efficiency and bottleneck avoidance.

The fifth chapter analysed the results of chapter four to discern applicable causes for the
production performance improvement. This chapter also followed on with a discussion of the
holistic performance of the communication architecture, to provide guidance on future

implementation and architectures in a similar manner.
6.3 Research Objectives

The main research objective of this study was to develop a communication architecture for
improvement in production efficiencies and bottleneck avoidance in SM setups. The staging point
for the development of this communication architecture is sprawled with preluding gaps in
research due to the rapid expansion of 14.0. This study therefore set out to lay a path for the

creation of the communication architecture in a few stages.

The study evaluated similar architecture types, in the form of hardware and software architectures,
to identify similarities, input considerations, outputs, responsibilities and appropriate methods for
architectures and their development. From this, similarities naturally arose with extensive research
conducted into SM. From this initial research, comprehensive production scenarios to evaluate

the performance of the communication architecture were established.

Next, this study set out to benchmark a current manufacturing case study, to evaluate its
performance against these production scenarios. An evaluation for possible improvements to
production efficiencies and bottleneck avoidance was then envisioned by reviewing these

production results.

Furthermore, the study then set about creating a communication architecture to allow for
communication control for SMUs to allow them to collect and act upon production data and fulfil
the requirements of SM. The use of this communication architecture therefore also improves the
ability of the SMUs and sets a paradigm for how and where production data should flow in a

manufacturing line.
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The study then went about extensively testing the communication architecture against the
production scenarios and analysing the data to draw impactful conclusions from the results

garnered.

Then, the study discussed the performance and data gathered from the results, in order to gauge
effective use of the communication architecture and allow for recommendations and

improvements to be suggested.
6.4 Unique Contribution of the Study

This study developed a communication architecture that was implemented in a Simulink smart
manufacturing case study, which was tasked to improve production efficiencies and avoid

bottlenecks. Further to this, the following contributions of this study are identified to be novel.

6.4.1 Incorporating Intelligence into Smart Manufacturing Units

The use of a communication architecture for SMUs works alongside the requirements set out for
SM. This allows 13.0 machines to be upgraded to 14.0 machines by adhering to the communication
standards of the architecture and its associated protocol. For machines to incorporate the ability
of contextual awareness not only within the network, but the physical environment itself, aligns

machines to the requirements of SM and enables them to be classified as SMUs.

This communication architecture also allows for SMUs to communicate with interoperability at
the core of their methods, allowing for decentralised communication alongside appropriate
information being shared. Other aspects, such as data analytics and agility through scalability also

become integratable to the SMUs.

6.4.2 Improved Production Efficiency

The use of the communication architecture allows SMUs to communicate current production
needs to machines on the network in real-time. This allows for strategies and information to be
shared to all other machines, naturally leveraging the ability of machines to prepare or learn and
adapt for incoming production means. These abilities allow for the SMUs to prepare for
production and gain access to a wider suite of information. This all culminates in SMUs leveraging
shared information alongside their operational coding to improve production efficiency by cutting

out idle time.
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6.4.3 Bottleneck Avoidance

The communication of current productions statuses, such as availability of resources, allows
SMU s to set consistent production speeds across the manufacturing line. This consistency that is
agreed upon across the network and manufacturing line, ensures no SMU is left under greater
strain and can reduce the backlog build-up of products at singular sources as this backlog and
bottleneck can eventually slow down upstream SMUSs, creating unintended chaos in the
manufacturing line. However, even this chaos can be communicated with the communication
architecture, allowing not only for mitigation in terms of bottlenecks, but also resolution, leading

to a fulfilled meaning of bottleneck avoidance.

6.4.4 Future Architecture Creation and Evaluation

This study discussed the aspects it considers important for a communication architecture in an
14.0 environment. This study also identified the significance not only of the improved
performance on a production scenario, but the qualitative improvement through which
architectures can aid in organisation and structure. The study therefore self-evaluates the
communication architecture due to a lack of applicable measurable criteria fit for communication
architectures. This methodology and evaluation could be taken for guidance in future architecture

creation and development.
6.5 Scientific Outcomes
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Architecture Approach for Mitigating Complexities in Smart Manufacturing Units by Means of
Information Appropriateness. In World Conference on Information Systems for Business
Management (pp. 91-98). Singapore: Springer Nature Singapore.
DOI: 10.1007/978-981-99-8346-9 8
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6.6 The Future Use of Communication Architectures

There are improvements from SMUs on production efficiency that can be corroborated to the
communication of the next immediate production, but the communication architecture can also
be expanded for communication of the organised structure of production orders. This
communication will allow for a hybrid optimisation, where SMUs are able to optimise the next
immediate operations of the products, whilst the central server provides longer term optimisation
of production organisation. This long-term and short-term corroboration would lead to a hyper

optimised system, all facilitated by the communication architecture.

Additional study to analyse specific effects of the communication architecture improvement to be
pinpointed and to identify noise signals in improvements, i.e., why some improvements are not

consistent.

© Central University of Technology, Free State


https://doi.org/10.1007/978-981-99-8346-9_8
https://doi.org/10.1007/978-981-16-9416-5_7

Central University of
Technology, Free State

© Central University of Technology, Free State



10.

11.

O

Central University of Pa ge | 115
Technology, Free State

References

Grefen, P.W., 2025. Business information system architecture. G. DBA.

Amrani, A.Z., Ortega, I.U. and Vallespir, B., 2024. Industry 4.0 technologies and lean
production combination: A strategic methodology based on links quantification.
International Journal of Technology Innovation and Management (IJTIM), 4(2), pp. 1—
18.

. Braunisch, N., GneuB3, T., Schmidt, U., Ristin, M., Van De Venn, H.W. and Wollschlaeger,

M., 2024, November. Service-Oriented Architecture for I4. 0 Digital Twins. In JECON
2024-50th Annual Conference of the IEEE Industrial Electronics Society (pp. 1-6). IEEE.
Gharibvand, V., Kolamroudi, M.K., Zeeshan, Q., Cinar, Z.M., Sahmani, S., Asmael, M.
and Safaei, B., 2024. Cloud based manufacturing: A review of recent developments in
architectures, technologies, infrastructures, platforms and associated challenges. The
International Journal of Advanced Manufacturing Technology, 131(1), pp. 93—123.
Gericke, G.A., 2021. Creating Decentralised SMART Manufacturing Units with a Newly
Implemented Standard Communication Protocol.

Yu, Z., Khan, S.A.R. and Umar, M., 2022. Circular economy practices and industry 4.0
technologies: A strategic move of automobile industry. Business Strategy and the
Environment, 31(3), pp. 796—8009.

Ryalat, M., EIMoaget, H. and AlFaouri, M., 2023. Design of a smart factory based on
cyber-physical systems and Internet of Things towards Industry 4.0. Applied Sciences,
13(4), p. 2156.

Kopetz, H. and Steiner, W., 2022. Internet of things. In Real-time systems: design
principles for distributed embedded applications (pp. 325-341). Cham: Springer
International Publishing.

Hu, Y., Jia, Q., Yao, Y., Lee, Y., Lee, M., Wang, C., Zhou, X., Xie, R. and Yu, F.R., 2024.
Industrial internet of things intelligence empowering smart manufacturing: A literature
review. IEEE Internet of Things Journal, 11(11), pp. 19143-19167.

Briscoe, B., Schepper, K.D., Bagnulo, M. and White, G., 2023. Low latency, low loss,
scalable throughput (L4S) internet service: Architecture. RFC 9330.

Zhang, K., Shi, Y., Karnouskos, S., Sauter, T., Fang, H. and Colombo, A.W., 2022.
Advancements in industrial cyber-physical systems: An overview and perspectives. [EEE

Transactions on Industrial Informatics, 19(1), pp. 716-729.

© Central University of Technology, Free State



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

O

Central University of Pa ge | 116
Technology, Free State

Singh, H. and AlMangour, B. eds., 2023. Handbook of smart manufacturing: forecasting
the future of industry 4.0. CRC Press.

Khang, A. and Akhai, S., 2024. Green intelligent and sustainable manufacturing: key
advancements, benefits, challenges, and applications for transforming industry. Machine
Vision and Industrial Robotics in Manufacturing, pp. 405—417.

Chen, H., Jeremiah, S.R., Lee, C. and Park, J.H., 2023. A digital twin-based heuristic
multi-cooperation scheduling framework for smart manufacturing in IIoT environment.
Applied Sciences, 13(3), p. 1440.

Ejaz, M.R., 2023. Implementation of industry 4.0 enabling technologies from smart
manufacturing perspective. Journal of Industrial Integration and Management, 8(02), pp.
149-173.

Carrera-Rivera, A., Larrinaga, F. and Lasa, G., 2022. Context-awareness for the design of
Smart-product service systems: Literature review. Computers in Industry, 142, p. 103730.
Martinez-Gutiérrez, A., Diez-Gonzalez, J., Verde, P., Ferrero-Guillen, R. and Perez, H.,
2023. Hyperconnectivity proposal for smart manufacturing. /[EEE Access, 11, pp. 70947—
70959.

Halenar, 1., Halenarova, L. and Tanuska, P., 2023. Communication safety of cybernetic
systems in a smart factory environment. Machines, 11(3), p. 379.

Tanaya, P.I., 2024. The State of The Knowledge of Cloud Computing Technology for
Manufacturing Automation Systems. Jurnal Rekayasa Sistem Industri, 13(1), pp. 79-90.
Khang, A. ed., 2024. Al-Oriented Competency Framework for Talent Management in the
Digital Economy: Models, Technologies, Applications, and Implementation. CRC Press.
Ren, L., Dong, J., Zhang, L., Laili, Y., Wang, X., Qi, Y., Li, B.H., Wang, L., Yang, L.T.
and Deen, M.J., 2024. Industrial metaverse for smart manufacturing: Model, architecture,
and applications. IEEE Transactions on Cybernetics, 54(5), pp. 2683-2695.
Noor-A-Rahim, M., Firyaguna, F., John, J., Khyam, M.O., Pesch, D., Armstrong, E.,
Claussen, H. and Poor, H.V., 2022. Toward industry 5.0: Intelligent reflecting surface in
smart manufacturing. IEEE Communications Magazine, 60(10), pp. 72—78.

Khan, S.I., Kaur, C., Al Ansari, M.S., Muda, 1., Borda, R.F.C. and Bala, B.K., 2025.
Implementation of cloud based IoT technology in manufacturing industry for smart control
of manufacturing process. International Journal on Interactive Design and Manufacturing

(IJIDeM), 19(2), pp. 773-785.

© Central University of Technology, Free State


















O

Central University of Pa ge | 122
Technology, Free State

81. Ochoa, W., Larrinaga, F. and Pérez, A., 2023. Context-aware workflow management for
smart manufacturing: A literature review of semantic web-based approaches. Future
Generation Computer Systems, 145, pp. 38-55.

82. Gehlot, A., Mohan, L.R., Gupta, A., Anandaram, H., Alanya-Beltran, J. and Chakravarthi,
M.K., 2022, July. Smart online oxygen supply management though Internet of Things
(IoT). In 2022 International Conference on Innovative Computing, Intelligent
Communication and Smart Electrical Systems (ICSES) (pp. 1-6). IEEE.

83. Flores-Martin, D., Berrocal, J., Garcia-Alonso, J. and Murillo, J.M., 2023. Towards

dynamic and heterogeneous social loT environments. Computing, 105(6), pp. 1141-1164.

© Central University of Technology, Free State



	Chapter 1 : Introduction
	1.1 Background
	1.2 Problem Statement
	1.3 Research Hypothesis and Objectives
	1.3.1 Research Question
	1.3.2 Research Hypothesis
	1.3.3 Research Aim
	1.3.4 Research Objectives

	1.4 Research Methodology
	1.5 Original Contribution of this Study
	1.6 Layout Of Thesis

	Chapter 2 : Overview of Smart Manufacturing and Communication Architectures – Literature Review
	2.1 Introduction
	2.2  Industry 4.0
	2.2.1 Internet of Things
	2.2.2 Internet of Services
	2.2.3 Cyber-Physical Systems
	2.2.4 Smart Manufacturing
	2.2.5 Smart Manufacturing Units
	2.2.6 Smart Manufacturing Characteristics
	2.2.7 Communication in Smart Manufacturing
	2.2.8 Communication Protocol Examples
	2.2.8.1 TCP/IP
	2.2.8.2 IPv4
	2.2.8.3 OPC UA

	2.2.9 Smart Manufacturing Protocol
	2.2.9.1 SMU Performance & Capability


	2.3 Baseline Manufacturing Setup Performance
	2.3.1 SMU Performance
	2.3.2 Central Server Performance
	2.3.3 Cloud Server Performance

	2.4 Requirements of the Communication Architecture
	2.5  Architectures
	2.5.1 Architecture Elements
	2.5.1.1  Core Components
	2.5.1.2  Relationships

	2.5.2 Types of Architectures Models
	2.5.2.1 BASE Model
	2.5.2.2  SOLID Model

	2.5.3 Different Architecture Implementations
	2.5.3.1  Hardware Architecture
	2.5.3.2  Software Architecture
	2.5.3.3  Communication Architecture


	2.6 Creating the Communication Architecture
	2.6.1 Creating the Communication Architecture Core Components
	2.6.1.1 Information Appropriateness
	2.6.1.2 Distribution
	2.6.1.3 Decentralisation
	2.6.1.4 Contextual Awareness
	2.6.1.5 Network Hierarchy

	2.6.2 Communication Architecture Relationships
	2.6.2.1 Decentralisation with Contextual Awareness – Machine Identification
	2.6.2.2 Decentralisation with Information Appropriateness
	2.6.2.3 Decentralisation with Distribution
	2.6.2.4 Decentralisation with Network Hierarchy
	2.6.2.5 Contextual Awareness with Information Appropriateness
	2.6.2.6 Contextual Awareness with Distribution
	2.6.2.7 Contextual Awareness with Network Hierarchy
	2.6.2.8 Information Appropriateness with Distribution
	2.6.2.9 Information Appropriateness with Network Hierarchy
	2.6.2.10  Distribution with Network Hierarchy

	2.6.3 Enabling Attributes to the Communication Architecture
	2.6.3.1 Network Communication Components
	2.6.3.1.1  Networkability
	2.6.3.1.2  Integratability

	2.6.3.2 Product Communication Component
	2.6.3.2.1  Smart Products

	2.6.3.3  IoT Component
	2.6.3.3.1  IoT Sensing

	2.6.3.4  Collaborative Decision-Making Component
	2.6.3.4.1 Agility – Modularity
	2.6.3.4.2 Human interaction – Intervention

	2.6.3.5  Digital Twin Component
	2.6.3.5.1  Cloud-Manufacturing
	2.6.3.5.1.1  Real-Time Communication

	2.6.3.5.2  Data Analytics
	2.6.3.5.2.1  Data Visualisation
	2.6.3.5.2.2  Simulation
	2.6.3.5.2.3  Automated Response




	2.7 Limitations of Current Research
	2.7.1 Limitations of Smart Manufacturing
	2.7.2 Limitations of Communication Architectures
	2.7.3 Requirements of a Communication Architecture


	Chapter 3 : Methodology
	3.1 Introduction
	3.2 Smart Manufacturing Case Study
	3.3 Implementation of Case Study
	3.3.1 Production Scenarios
	3.3.2 Communication Protocol
	3.3.3 SMU Simulation
	3.3.4 Central Server
	3.3.5 Communication Architecture Traits

	3.4 Architecture Scoring Method
	3.4.1 Responsiveness
	3.4.2 Accuracy
	3.4.3 Transmission
	3.4.4 Design Time
	3.4.5 Upkeep
	3.4.6 Context Awareness

	3.5 Conclusion

	Chapter 4 : Results
	4.1 Introduction
	4.2 Smart Manufacturing Case Study
	4.3 Production Scenarios Performance
	4.3.1 Baseline Production Performance
	4.3.2 Communication Architecture Implementation
	4.3.3 Comparative Analysis

	4.4 Quantitative Assessment of Developed Communication Architecture in Smart Manufacturing
	4.5 Qualitative Assessment of developed Communication Architecture in Smart Manufacturing
	4.6 Architecture Scoring Assessment

	Chapter 5 : Discussion
	5.1 Communication Architecture Elements and Relations
	5.2 Impact of Architecture Traits
	5.2.1 Congruent Information
	5.2.2 Contextual Awareness

	5.3 Considerations for Core Component Selection
	5.4 Communication Architecture Implementation
	5.5 Communication Architecture Contribution
	5.6 Inclusions for Future Improvements

	Chapter 6 : Conclusion
	6.1 Introduction
	6.2 Summary of Study
	6.3 Research Objectives
	6.4 Unique Contribution of the Study
	6.4.1 Incorporating Intelligence into Smart Manufacturing Units
	6.4.2 Improved Production Efficiency
	6.4.3 Bottleneck Avoidance
	6.4.4  Future Architecture Creation and Evaluation

	6.5 Scientific Outcomes
	6.6 The Future Use of Communication Architectures

	References



