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Abstract

During a time of fast-paced industrial growth, increasing production line effectiveness is a core issue
for manufacturers looking to maximize output, reduce waste, and stay competitive. This study explores
the use of simulation-based optimization methods to enhance single and parallel production line
designs. Stepping beyond traditional trial-and-error methods, the research utilizes Siemens Tecnomatix
Plant Simulation to simulate actual manufacturing scenarios, considering intricacies like buffer
capacities, machine sequencing, and event-driven scheduling. Substantial gains in performance were
made by applying optimized parallel line layouts, notably a 24% gain in throughput, 829 to 1,032 units,
testifying to the real payback of strategic line-of-production optimization. Such outcomes attest to the
merits of forward-looking scenario planning and dynamic allocation of resources based on lean
manufacturing philosophy and for delivering on the essence of Industry 4.0. At the center of this strategy
are simulation methods like Discrete Event Simulation (DES), System Dynamics (SD), and Agent-Based
Modeling (ABM), each with unique strengths based on the complexity and character of the production
setting. The study also assesses commonly adopted simulation software like Arena, Simul8, and
FlexSim, focusing on their strengths in modeling, performance analysis, and scenario assessment.
Concurrently, assorted optimization methods like line balancing, genetic algorithms, and hybrid
scheduling models are investigated to optimize workflow distribution and increase system productivity.
Visual aids like bottleneck analyzers and Gantt charts also assist decision-making by providing
transparent, fact-based insights into system performance. Finally, the research emphasizes that
simulation is not only a forecast tool but a strategic tool for designing agile, scalable, and lean
production systems. When paired with smart planning paradigms and real-time production feedback,
simulation enables organizations to break free from conventional manufacturing limitations and
progress toward more adaptive, intelligent manufacturing solutions.
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INTRODUCTION

Today's shifting nature of manufacturing means
that peak productivity line performance remains a
prime goal for manufacturing sectors looking to
maintain competitiveness and boost productivity [1].
The development of advanced simulation software
such as AnyLogic has enabled manufacturers to
simulate line performance in detail, which has been
used to identify bottlenecks and analyze different
modes of operation to reduce downtime and
operating expenses [2]. Furthermore, their use has
demonstrated dramatic rises in the productivity of
manufacturing, with gains of up to 30% compared to
human manufacturing, emphasizing automation's
transformative impact on production efficiency [3].
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Single and parallel line system comparison studies identify personal strengths and weaknesses
characteristic of each configuration [4]. Single-line systems offer effective processes with less
flexibility, whereas parallel lines can produce multiple product variants simultaneously for greater
flexibility. Parallel arrangements will, however, require more complex coordination and resource
allocation plans in place to maintain efficiency [5].

The goal of this research is to explore the technologies and methods applied for simulating and
optimizing single line and parallel line processes [6]. According to an analysis of the latest trends in
simulation modeling, line balancing techniques, and the use of automation and Al-based technologies,
this paper is focused on putting forward an exhaustive understanding of how efficiency in production
lines can be increased in various manufacturing settings [7].

Figure 1 illustrates the hypothetical transition from a traditional serial process of design to a complex
parallel line process enabled through the aid of digital twin technology in modern manufacturing
systems. On the left, the serial process of design is a sequential process, starting with individual demand
and sequentially moving through conceptual, mechanical, control, and executive system design,
culminating in integration testing. While the process is structured, it is sluggish and less tolerant towards
change. Right side has the concurrent process featuring digital twin technology to support concurrent
development in multiple fields such as mechanical, control, and executive system design. These are
orchestrated by distributed integration testing, leading to faster integration of the system and equipment
and ultimately supporting integrated running. Through parallelization of modeling, simulation, layout,
and equipment selection, the system maximizes efficiency, reduces development time, and facilitates
more agile and flexible manufacturing. The significance of digital twins in transforming static serial
processes into dynamic, connected processes in customized production environments is demonstrated
by statistics.
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Figure 1. Single and parallel line processes in production.
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SIMULATION TECHNIQUES IN PRODUCTION LINE MODELING

Simulation methods are leading the way in modeling production line processes and maximizing
production lines, making the operation of a system clearer and supporting decision-making. Discrete
Event Simulation (DES) is one example, which is best at simulating intricate manufacturing systems by
modeling operations as discrete events. For example, determination of the effectiveness of DES in the
production layout and material distribution analysis and its application in bottleneck identification and
efficiency improvement [8]. Employed DES to simulate an actual manufacturing line using historical
data in order that inefficiencies within the system could be identified and improvement cases proposed.
System Dynamics (SD) and Agent-Based Modeling (ABM) also provide other methods to simulate
production systems. ABM emphasizes agents' interactions in autonomous frameworks to simulate
emergent behavior in manufacturing systems [9]. There was a study to show the use of ABM in
manufacturing execution system design and verification, indicating ABM's ability to deal with dynamic
and complex production systems. Conversely, SD focuses on systems' feedback loops and time lags,
giving a macro view of production process [10]. For instance, a paper in which applications of SD for
measuring manufacturing performance, pointing out its strength in strategic decision-making.
Numerous software packages enable application of such simulation techniques. Arena of Rockwell
Automation is characterized by ease of use and the ability to model discrete processes in any scenario.
Simul8 provides quick modeling functionality, ideal for quick analysis of manufacturing potential.
FlexSim includes 3D visualization feature, allowing better comprehension of intricate systems [11]. A
comparative study evaluated the tools, highlighting the advantages each offers within varying
production environments [12]. Table 1 shows a comparative table summarizing the key simulation
methods and tools used in production line optimization. Summarily, integration of DES, ABM, and SD,
supplemented with specialized software, gives manufacturers powerful tools to simulate, analyze, and
improve production lines, thereby enhancing efficiency and flexibility of industrial processes.

OPTIMIZATION STRATEGIES FOR SINGLE AND PARALLEL LINES

Improving the efficiency of single and multi-line production processes depends significantly on the
incorporation of advanced optimization methods like lean manufacturing, efficient line balancing, and
smart scheduling techniques. Lean manufacturing focuses on the scientific detection and removal of
production bottlenecks and encourages fluid workflow and eliminates unnecessary delays. Recent
developments in simulation-based bottleneck analysis have demonstrated considerable value in
simplifying production arrangements and boosting throughput in both linear and parallel line
arrangements [ 13, 14].

Table 1. Comparative table summarizing the key simulation methods and tools used in production
line optimization.

Simulation Description Application example Strengths Reference
method no.

Discrete Event Models’ operations as | Used for layout analysis and | Effective for detailed | [8]
Simulation (DES) a series of discrete material distribution; modeling of event-

events identifies bottlenecks driven processes
Agent-Based Models systems Applied in manufacturing Captures complex [9]
Modeling (ABM) through autonomous execution system design and dynamic

interacting agents behaviors
System Dynamics Focuses on feedback Used for manufacturing Ideal for strategic- [10]
(SD) loops and time delays performance assessment level analysis and

long-term planning

Arena (by DES software with Widely used in modeling Ease of use, flexible [11]
Rockwell user-friendly interface | discrete manufacturing modeling
Automation) systems
FlexSim Simulation tool with Helps understand complex Intuitive 3D [12]

3D visualization system layouts visualization, ideal

for complex systems
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Line balancing, one of the core processes in assembly line design, deals with the most efficient
division of work between workstations to eliminate idle time and improve cycle efficiency. Methods
such as integer programming and heuristic algorithms have been widely used to tackle complex
production scenarios, such as U-shaped layout and multi-model manufacturing plants [15]. These
technologies also have a focus on variables like task flexibility, walking distances, and the employment
of reconfigurable equipment to improve the operational flexibility. In simultaneous production systems,
in which multiple lines operate in parallel, resource allocation becomes even more complex. Scheduling
algorithms are key with regard to task scheduling maximization, machine usage maximization, and
manpower control. Line balancing, one of the core processes in assembly line design, deals with the
most efficient division of work between workstations to eliminate idle time and improve cycle
efficiency [16]. Methods such as integer programming and heuristic algorithms have been widely used
to tackle complex production scenarios, such as U-shaped layout and multi-model manufacturing plants.
These technologies also have a focus on variables like task flexibility, walking distances, and the
employment of reconfigurable equipment to improve the operational flexibility. In simultaneous
production systems, in which multiple lines operate in parallel, resource allocation becomes even more
complex. Scheduling algorithms are key with regard to task scheduling maximization, machine usage
maximization, and manpower control. Operations management studies indicate the superiority of hybrid
scheduling models coupled with genetic algorithms and simulation software, especially in situations of
variable demand or tailored production. These methods as a whole yield improved throughput,
improved responsiveness, and enhanced total system performance [17]. The application of digital tools
such as discrete-event simulation and Al-based planning systems also improves the precision of
decision-making. Combined, these optimization techniques allow manufacturers to improve
throughput, lower costs, and be better suited to respond to dynamic market conditions in both single-
line and parallel-line environments.

PROPOSED METHODOLOGY

Siemens Tecnomatix is a complete digital manufacturing system that supports the whole product
lifecycle and combines several production disciplines. It is a component of the Siemens PLM Platform
and has tools for quality and production management, automation and robotics planning, component
planned and confirmation, assembling planning and validation, and plant design and optimization.
Through the planning, simulation, and execution of processes, Tecnomatix allows effective and
optimized manufacturing processes. The three components of the objective: Investigate, Implement,
and Improve are the main emphasis of the approach utilized to complete the research work (Figure 2).

RESULT AND DISCUSSION

The outcome of plant simulation tool inquiry and taking into account the actual transfer line
environment is the result of manufacturing loss research in numerous domains and identification
(Figure 3). To better simulate the real-world conditions in the production line, a model for a
straightforward production line (a transfer line) is constructed in the Siemens Techno matrix plant
simulation. This model is seen in Figure 4.
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Figure 2. Tecnomatix groups according to use.
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The analysis is performed on the one move line where the model was created. There is a source and
several processes in this single transfer line, all of which are ending at the drain. Now, change it as the
process that was required to create it by changing the item as the origin as the material that was used as
well as process names they are as drilling, punching, boring, shaper, lathe and painting assembly.
Finally, padding them with the aid of an event controller is required to be drawn in order to analyze the
whole process, and it is set for 5 days in this model (5:0:0:0). Additionally, it displays the simulation
summary report. With its aid, the simulation speed can also be adjusted, and the statistics report's
findings demonstrate that this model can be made to run faster (Figures 5—10).
e  Step 1: Parallel or mixed transfer line for multiple operation explained (Figure 7).
e  Step 2: Parallel or mixed transfer line for multiple operation with multiple buffer explained
(Figure 8).

e Step 3: Parallel or mixed transfer line for multiple operation with multiple buffer within the 3rd
step (Figure 9).

o Step 4: Parallel or mixed transfer line for multiple operation with multiple buffer and
experimental setup explained (Figure 10).

Parallel Process

The overall throughput according to the model, as shown in Figure 11, is only 829 units, and the
median lifespan is 8, and if higher throughput up to 1000 units is desired, some adjustments are required
since the equation is a mixed line.
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Figure 3. Single transfer line for multiple operations.
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Figure 4. Chart of single transfer line for multiple operations.
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Figure 5. Single transfer line for multiple operations with framework. (a) Single transfer line; (b)

Single transfer line for multiple operation.
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Figure 6. Charts for single transfer line for multiple operations with framework.
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Figure 7. Parallel or mixed transfer line for multiple operations. (a) Parallel transfer line; (b) Mixed
transfer line.
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Figure 8. Parallel or mixed transfer line for multiple operations with multiple buffers. (a) Parallel
transfer; (b) Mixed transfer.
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Figure 10. Parallel or mixed transfer line for multiple operations with multiple buffers and
experimental setup. (a) Parallel with experimental setup; (b) mixed with experimental setup.
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The results are better than expected and show that it achieves 1456 total throughput, but it also means
that adding two more processes or machines will increase the capital and operating costs, making it
impossible to reach the optimal output as the bare minimum gave the additional 627 throughput which

is not practical for the optimal move line as the capital and operating investment will also rise
(Figure 12).
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Figure 13. Parallel or mixed transfer line for multiple operations with bottleneck analysis with
buffers.

As can be seen in Figure 13 at final row, this production line's throughput increased from the previous
up to 24% and is now 1032, however the capacity of the buffers is set as default here in order to get the
best results at the same running cost.

CONCLUSION

Utilizing computer simulation technologies for production line optimization in turn results in more
accurate and effective enhancements of efficiency and resource usage. With careful modeling of single
and multi-line configurations, single and parallel bottlenecks can be exposed, system dynamics
forecasted, and performance under varying conditions evaluated. Siemens Tecnomatix Plant Simulation
was used to conduct thorough analysis of the production system considering parameters like equipment
assignment, process flow, and buffer integration. Specifically, the optimized parallel line model
demonstrated a clear advantage over traditional linear operations, recording increased throughput
without experiencing uncontrolled operational costs. Tailored buffering and resource reconfiguration
were key roles in achieving such gains, underlining the merits of dynamic process planning over set
configurations. Moreover, practices such as identifying bottlenecks and statistical reporting offered
more informative analysis of idle time usage, resource under-exploitation, and overall production beat.
These competencies facilitate manufacturers to shift from reactive troubleshooting to proactive system
design and optimization. Adopting a simulation-based strategy allows for agile decision-making,
promotes cost-effective scalability, and aligns production strategies with lean and smart manufacturing
goals. Instead of depending on piece-meal improvements, organizations can now create integrated,
future-proof systems that can rapidly respond to fluctuations in demand or operational disturbances.
The results confirm that production efficiency is not just the outcome of equipment improvements or
labor expansion, but of smart system design fueled by precise modeling and analytical strategy.
Optimization based on simulation is found to be a pivotal enabler in the development of sustainable and
high-performance industrial processes.
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