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[bookmark: _Toc210671289]Introduction
Discrete event simulation is a powerful form of modelling techniques that can represent both complex and simplistic systems. This can then be broken up into individual events that occur at specific points in time within the process. It is a very important tool because it can help prevent catastrophic failures and identify bottle necks (Sharma, 2015). In modern production environments, especially in industry 4.0 settings, having a complete understanding of process flows to optimise systems is critical. This can benefit waste reduction, improve efficiency and increase throughput and overall profits. This benefits both the customer and supplier, as output to customer will increase without being detrimental to quality and value-added time will increase.

[bookmark: _Toc210671290]Process selection
This report will focus on modelling the Festo I4.0 CP Laboratory which is an automated production line that essentially mimics a smart-factory cell. The CP lab includes a range of stations such as distribution, processing, testing and sorting, each triggered by specific events, such as sensors detecting the presence of a part, robot operations or moving on a conveyor. There is also human input such as refilling the dispenser and clearing the output station. The aim is to build an accurate current state DES model of the CP lab with the correct logic built in. Then, an analysis will be carried out to review current performance using KPI’s such as throughput, cycle time and resource utilisation and then identify waste within the process. A value analysis can then be carried out to estimate value adding time vs non-value time, which can then support in identifying lean opportunities in the process.

[image: ]
[bookmark: _Toc210399224][bookmark: _Toc210661620]Figure 1 - CP lab (Jordan Jenkins, 2025)

[bookmark: _Toc210671291]Current state model development
The current state DES model represents the Festo I4.0 CP Lab flow, the goal of this stage is to recreate the real process logic and timings using the time for each event (given in seconds). Once complete, the model can be run to then measure throughput, cycle times, resource utilisation, queue lengths, waiting times and work in progress. This will lead to the identification of bottlenecks, enabling suggested lean improvements (Askari-Nasab, 2017).

[bookmark: _Toc210671292]Data source and time modelling
The table below has been retrieved from the assignment hand out to use min, average and max times in seconds as input distributions for each event. Any event with single times supplied will be modelled as a constant value. Additionally, some assumptions have been made when interpreting the data:

· There was consistent feed of parts without shortage.
· Parts in from robot assembly is simply listed as 104 with no min or max; the assumption that the mean interarrival time = 104s, making this a constant value. This assumption has also been made for all singe value events.
· For the split between drilling 2 or 4 holes, no probabilities were supplied. Therefore, this was modelled with a 50% probability for drilling either 2 or 4 holes. This also applies as to whether a label will be used. The same logic has been applied to the labelling process.

[bookmark: _Toc210600653][bookmark: _Toc210600749]Table 1 - Data source and event times (Jordan Jenkins, 2025)
[image: A table with numbers and symbols
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[bookmark: _Toc210671293]Defining entities, resources and the underpinning logic within the model
It is fundamental to the project to ensure that entities, resources and the underpinning logic within the DES model are correct. To do this, a range of tools within Arena has been used such as process blocks, assignments, decide and hold blocks and then delays recognising transfers. The use of these tools allow an accurate representation of the model.

[bookmark: _Toc210671294]Entities
The entity within the DES model represent the parts incoming from the robot assembly station. They move through each station, are processed, and eventually reach the output station, where an operator empties the buffer.

[bookmark: _Toc210671295]Resources
The resources in the simulation can be broken down into two fundamental elements:

The human operator – this is a manual source responsible for performing human interventions within the process in the CP Lab. A single operator is required, meaning that there will only be one person to handle manual tasks at a time. This operator is responsible for refilling the top-cap dispenser once empty and removing finished parts once the output buffer reaches maximum capacity. The tasks carried out by the operator are non-value added but are critical to ensure the smooth flow of the process. 

Automated resources – this will include the Drill, Top-Cap Dispensing, Hydraulic Press, Label Printer, Optical inspection Camera and the Robot. Each of these are single automated stations that are capable of processing one part at a time by ensuring they are seize delay release processes. Many automated processes add value to the process such as Label Printing, Hydraulic pressing, Top-Cap Dispensing and Drilling. The Automated Optical Inspection is non-value added but still essential to the process. These processes have relatively small processing times therefore do not significantly contribute to delays.

[bookmark: _Toc210671296]Underpinning logic
The underpinning logic in the model ensures that the Arena simulation correctly simulates the CP Lab. The model logic determines part creation time, processes, delays and transfers in the process. Using data collection, the key underpinning logic generates the model to be an accurate representation of the process. This decided queue behaviour, resource seizing and releasing, decision and hold logics. Appendix A provides an in-depth explanation to how the model works.

[bookmark: _Toc210671297]Final model
The previous steps using the data source and time modelling provided have created the final CP Lab model shown below:
[image: A diagram of a diagram

AI-generated content may be incorrect.]
[bookmark: _Toc210661621]Figure 2 - CP Lab model (Charlie Morgan, 2025)


[bookmark: _Toc210671298]Waste identification
Ater running the final model in Arena, several issues became apparent. The use of DES will help analyse the existing model to identify a more effective system, helping to eliminate waste identified via lean thinking (Zhang, 2018). The forms of waste align with lean principles, enabling assessment of real-time data to identify bottlenecks and non-value-adding events (Leksic, et al., 2020). 

[bookmark: _Toc210671299]Waiting
There are clear buildups of queues in the model, predominantly when refilling the Top-Cap dispenser and outputting parts. Processes such as Drilling, Automated Optical Inspection and Pressing result in minor negligible delays due to being small processing times. The main processes responsible for queues result in other processes being idle which will decrease overall throughput in the system, therefore one operator required for two tasks can create a bottleneck.

[bookmark: _Toc210671300]Over production / inventory
Once the buffer is full, there is a delay waiting for the operator to remove parts. This becomes especially prominent when the operator is tied up elsewhere which can further increase the delay.

[bookmark: _Toc210671301]Transportation
The parts are transported via conveyors, which equates to non-value-added times. Despite these delays being small, there are multiple transport delays each resulting in at least an addition 7.2 seconds each time. This is an essential part of the system as it requires part flow, but times could be reduced to decrease non-value-added contribution to the process.

[bookmark: _Toc210671302]Motion
As there is only one operator in the DES model for the CP Lab, tasks requiring manual intervention result in motion waste which is non-value-adding.


[bookmark: _Toc210671303]Value analysis
In lean terms, customer value is the perception of what products are worth to the target audience, related to satisfaction levels. Therefore, value is created when the product is being tested for quality and physically transformed from customer perspective, with the reduction of defects being prioritised (Institute, 2023). In relation to the CP Lab model, there are value-adding activities such as drilling, top cap dispensing, hydraulic pressing and label printing. These activities create a physical change and ensure quality that the customer would pay for. DES identified 20.4% of the process adds value to the product and 79.6% is non-value added, the main reasons for this are highlighted below.

[bookmark: _Toc210600654][bookmark: _Toc210600750]Table 2 - Main non-value add reasons identified with DES (Charlie Morgan, 2025)
	Process
	Frequency
	Description

	Transfer times
	7 – 8.2 seconds per transportation to a station
	This represents conveyor transfer times; this is a necessity but can be reduced

	Top-Cap Dispensing
	240 – 300 seconds every 10 cycles
	The refill is carried out by an operator when Top-Cap dispensing is empty resulting in a significant delay

	Output Parts
	48 – 88 seconds every 4 cycles
	Manual processes requiring operator intervention

	Waiting times
	Average of 36.6 seconds per cycle
	Caused by bottlenecks where the operator is busy or processes are busy resulting in idle time





[bookmark: _Toc210671304]Simulation Analysis
An average was taken from two simulations that were run for 100 hours in Arena. Key KPI’s collected via Arena’s SIMAN summary, which transports the relevant, require data into notepad from. The figures below show the project parameters in Arena for the simulation that was run.
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Figure 3 - Arena replication parameters (Charlie Morgan, 2025)

[image: A screenshot of a computer
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[bookmark: _Toc210661622]Figure 4 - Arena report summary settings (Charlie Morgan, 2025)

[bookmark: _Toc210671305]Cycle time
The average cycle time per part was 2.62 minutes. Out of this, 0.534 minutes (20.4%) were value added time, and 0.824 minutes (31.4%) were non-value-added tasks. Waiting times equated to 0.611 minutes (23.3%) and then transport times were responsible for 0.653 minutes (24.9%). A key identification at this stage is only 20.4% of a parts cycle time is truly productive, with 79.6% representing different forms of waste. Reducing manufacturing lead times and production cycle times can be achieved by reducing wait times between processes and different forms of waste (Prajapati & Deshpande, 2015).

[bookmark: _Toc210671306]Throughput
Over the 100 hours simulation time with two replications, there were 3,461 parts produced on average, equating to 0.576 parts per minute. Through resource utilisation and a breakdown of waste, this can further be improved.

[bookmark: _Toc210671307]Resource utilisation
The table below shows the utilisation of the resources for the CP Lab simulation. The operator is the most utilised resource by a large amount due to manual tasks refilling top caps and removing parts from the process. This would cause significant issues if the number of parts into the process were increased, and this causes a clear bottleneck which requires mitigating. Modern simulation software provides a major advantage in effectively managing resources to ensure they are not overly utilised (Gunnal & Pidd, 2010).

[bookmark: _Toc210600655][bookmark: _Toc210600751]Table 3 - CP Lab resource utilisation (Charlie Morgan, 2025)
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[bookmark: _Toc210671308]Wait times and queues
The dispenser hold generated the largest wait time of 0.462 minutes on average. If the operator was busy removing parts from the process, this caused the hold to be larger. Top-Cap refilling causes the longest delay, hence creating the largest hold time. The output hold equated to a small time of 5.6 seconds and then the hydraulic press hold equated to 3.3 seconds, making the average wait time 0.61 minutes per part. (Fun, et al., 2022) used DES to reduce patient wait times within the healthcare industry, showing DES is extremely versatile and can positively reduce wait times.

[bookmark: _Toc210671309]Bottlenecks
The refill process is relatively infrequent (every 10 cycles) but is a slow process, contributing 28.32 hours of non-value-added time across the run. The remove process is also a bottleneck, purely because this also relies on the same operator as the refill process, therefore when busy it creates a bottleneck in the system. This caused average delays of 1.09 minutes. (Kuhl, et al., 2005) applied Toyota Motor Companies techniques to detect bottlenecks in systems using DES. The study highlighted bottlenecks are accurately identified allowing for improvement efforts for lean manufacturing.

It is worth nothing that resources excluding the human operator were extremely underutilised in the model. A hidden bottleneck is the feed of parts into the system resulting in these resources being underutilised. Increasing part input from the robot assembly would increase the throughput and resource utilisation.



[bookmark: _Toc210671310]Opportunity identification
The CP Lab simulation has identified numerous opportunities for improvement in the current state which would enhance efficiency and reduce non-value-added time which will optimise the overall throughput. With the application of lean principles, several improvements can be proposed for the model. This is beneficial because it provides a structured technique in process optimisation allowing for the process to be broken down into specific issues that require addressing. 

[bookmark: _Toc210671311]Single operator bottleneck
The simulation revealed that the single operator is the only resource readily available for the two key manual tasks: Top-Cap Refilling and Part Outputting. The operator is the highest utilised resource at above 40%, when the process was modelled with input doubled the operator utilisation was a major bottleneck at 90% utilisation. If demand were to increase, this highlights this is a major issue that required addressing as this will cause significant delays and queuing.

To address this issue, an additional operator can be used to split the manual tasks each with a designated workstation, this will also reduce motion waste. The refill and unloading process could also be automated, therefore human intervention is only required to ensure these is sufficient top caps to dispense and support in unloading when required.

[bookmark: _Toc210671312]Optimising Top Cap Dispensing
Refilling contributes to a large portion of the non-value-added time in the CP Lab. There are multiple improvements that can be made which will streamline the CP Lab and reduce waste. Increasing hopper size would be a simple change, refilling could be required every 20 cycles opposed to every 10 halving the contributed non-value-added time in the process. Lean techniques such as poka-yoke can be applied to modify the Top-Cap Dispensing process to shorten the delay associated with the process. Lean tools such as poka-yoke can help avoid human error and help to identify and mitigate problems in processes (Dudek-Burlikowska & Szewieczek, 2009).

[bookmark: _Toc210671313]Drilling station	
There is only one drill resource despite some parts requiring either 2 or 4 holes while being processed. By introducing a second drill, parts can be processed at the same time via routing. This will increase throughput in the system, allowing more parts to enter and essentially remove the slight bottleneck in the process. If parts in to the process were to increase, the benefit from this modification would further be enhanced.

[bookmark: _Toc210671314]Outputting
The output buffer triggers manual intervention for an operator every 4 cycles, once this occurs it results in a non-value-added delay. Therefore, the following proposals have been made:

Introduce an automated removal system – with the use of conveyors and a better system to remove parts, human intervention would no longer be required mitigating the delay completely.

Adjusting the buffer size – The buffer could be changed to trigger manual intervention every 8 cycles opposed to every 4. This would halve the non-value-added time contributed by this process.

[bookmark: _Toc210671315]Transport times
Conveyors between stations result in non-value-added transport waste. To mitigate this stations could be closer together reducing the time between stations optimising process flow. Also, conveyors could be altered to double the transportation speed of parts to halve the associated transport waste in the CP Lab.

[bookmark: _Toc210671316]Expected benefits
By addressing the issues in the CP lab highlighted above, they will provide the following benefits:

Table 4 - List of benefits from proposed changes (Charlie Morgan, 2025)
	Increased input frequency
	Parts will flow through the CP lab more consistently, improving overall throughput

	Split operators or automated refilling and outputting
	Eliminates main bottleneck in the process, reducing human intervention and queues

	Optimising Top-Cap Dispensing
	Eliminates waste, doubling the buffer size will halve the non-value-added time associated or automating the process removes the wait for human intervention. The total time in the simulation for refilling was 4.51 minutes; therefore, this could at least be improved to 2.255 minutes.

	Enhancing transport flowing
	By doubling the speed of conveyors, transport waste would be halved from 0.65 minutes on average to 0.325 minutes on average. This can also further be improved by reducing distance between stations 

	Optimising outputting
	The output process waste can be eliminated by automating the process. Or, at a minimum the buffer size could be doubled halving the associated time from 0.55 minutes in the simulation to 0.275 minutes

	Streamlined process
	The proposals above will greatly improve the CP Lab process via lean thinking. If the minimum tasks were completed, halving transport speed, Top-Cap refilling and Outputting cycle times improves from 2.62 minutes per part to 1.27 minutes per part. Also, value-added time would improve to 42% from the original 20%. If automation was further introduced and human intervention was reduced, this would greatly further improve the system





[bookmark: _Toc210671317]Conclusion
The discrete event simulation of the Festo I4.0 CP Laboratory successfully modelled the current process flow, allowing for the identification of key issues requiring addressing within the process. Through analysis, it was identified that 20.4% of total cycle time added value, while 79.6% was non-value added predominantly caused by single operator dependency, Top-Cap refilling, Outputting and transport delays. When parts incoming from the robot assembly was doubled, this highlighted operator utilisation was over 90% showing that if demand increases then there is a major bottleneck in the process.

By applying lean principles and simulation, several improvement strategies were identified. By simply doubling both the Top-Cap Dispensing and Output buffer capacities and then halving transport waste by doubling conveyor speeds, cycle times reduce from 2.63 minutes per part to 1.27 minutes per part. Also, value added time increases from 20.4% to 42%, vastly improving the efficiency of the process. Further recommendations such as using a conveyor for output and automating top cap refill would contribute to improving the overall value-added time in the process.

Overall, the use of DES provided invaluable in analysing and optimising the CP Lab’s production flow. It provided quantitative evidence to support decision making in lean improvement recommendations, demonstrating how simulation can be used as a proactive tool for process optimisation and waste reduction in Industry 4.0 environments.
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[bookmark: _Toc210671319]Appendices

[bookmark: _Toc210671320]Appendix A – CP Lab DES underpinning logic

[bookmark: _Toc210671321]Parts in from Robot Assembly
The entity in this stage is the part entering the system and the resource is the robot assembly delivering the part. This is a constant value of 104 represents the interarrival time of parts entering the process.
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[bookmark: _Toc210399225][bookmark: _Toc210661623]Figure 5 - Logic of parts in from Robot Assembly (Charlie Morgan, 2025)

[bookmark: _Toc210671322]Camera hold and automated optical inspection
The camera inspection station is the resource, the logic behind this stage is the entity (part) will wait if the camera is busy to stop the part entering when it shouldn’t by coding that if work in progress for optical inspection is <1 then allow to next process, if not then hold. The automated optical inspection is a seize delay release as it can only process one part at a time, this is non-value added.
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[bookmark: _Toc210399226][bookmark: _Toc210661624]Figure 6 - Camera Hold logic, (Charlie Morgan, 2025)

[image: A screenshot of a computer
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[bookmark: _Toc210399227][bookmark: _Toc210661625]Figure 7 - Automated Optical Inspection logic (Charlie Morgan, 2025)

[bookmark: _Toc210671323]Camera to drilling
The resource in this step is the conveyor, the camera to drilling is a transfer time of 8.2s which is how long it takes the part to arrive at drilling.
[image: A screenshot of a computer screen
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[bookmark: _Toc210399228][bookmark: _Toc210661626]Figure 8 - Camera to drill logic (Charlie Morgan, 2025)

[bookmark: _Toc210671324]Drilling process
This section uses a decide block as a routing condition to decide whether to drill 2 or 4 holes using a 50% probability. Then, there are 2 process connected of drilling 2 holes or drilling 4 holes. These are both seize delay release, and are both confined by the same drill with the only difference being the time to drill the number of holes. The drill hold uses the work in progress for drilling 2 & drilling 4 holes <1 then it will let the part into either process to only allow 1 part at a time, the drill is the resource.
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[bookmark: _Toc210399229][bookmark: _Toc210661627]Figure 9 - Drill hold logic (Charlie Morgan, 2025)
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[bookmark: _Toc210399230][bookmark: _Toc210661628]Figure 10 - Drill 2 or 4 holes decide block logic (Charlie Morgan, 2025)
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[bookmark: _Toc210399231][bookmark: _Toc210661629]Figure 11 - Drill 2 holes logic (Charlie Morgan, 2025)
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[bookmark: _Toc210399232][bookmark: _Toc210661630]Figure 12 - Drill 4 holes logic (Charlie Morgan, 2025)

[bookmark: _Toc210671325]Drill to dispensing
The next part in the process is a transfer time with the conveyor and part being the entities. This logs the time it takes to get to the dispensing stations within the system.
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[bookmark: _Toc210399233][bookmark: _Toc210661631]Figure 13 - Drill to dispensing logic (Charlie Morgan, 2025)

[bookmark: _Toc210671326]Dispensing station
The next stage is the top cap dispensing process. Because the top caps need to be refilled every 10 components, a decide block is used which is 2 way by condition, the parts will flow if the number of caps remaining in the process is >1, as soon as it’s below this value it will be false and will require refilling (this has an initial value of 10). An assign block is added which show the number of caps has a value of 10 once it has been refilled. The refill process is a seize delay release (the operator is the resource) which sets the time it will take to refill the caps. Then the top cap dispensing process is next which is value added for the process. An assign count down is used which is variable where number of caps = number of caps -1, so every time a part flows through it takes a top cap with it. The dispensing hold before the process makes sure only one part enters the process, when top cap dispensing number in process is <1 it can go. Also, it recognises utilisation of the operator so that if it =0 then they are free, but if it =1 then he is not available and therefore it has to wait. 
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[bookmark: _Toc210399234][bookmark: _Toc210661632]Figure 14 - Dispenser Hold logic (Charlie Morgan, 2025)
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[bookmark: _Toc210399235][bookmark: _Toc210661633]Figure 15 - Refill decision block (Charlie Morgan, 2025)

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc210399236][bookmark: _Toc210661634]Figure 16 - Assign Refill (Charlie Morgan, 2025)
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[bookmark: _Toc210399237][bookmark: _Toc210661635]Figure 17 - Refill process (Charlie Morgan, 2025)
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[bookmark: _Toc210399238][bookmark: _Toc210661636]Figure 18 - Top Cap Dispensing process (Charlie Morgan, 2025)
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[bookmark: _Toc210399239][bookmark: _Toc210661637]Figure 19 - Top Cap Counter (Charlie Morgan, 2025)

[bookmark: _Toc210671327]Top cap to press
This is a delay which is the transfer time for the part to get to the press, in this stage the part and conveyor are the entities.
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[bookmark: _Toc210399240][bookmark: _Toc210661638]Figure 20 - Top Cap to Press transfer delay (Charlie Morgan, 2025)

[bookmark: _Toc210671328]Hydraulic press 
The hydraulic press is a seize delay release with the press as the resource, this can only process one part at a time. There is a press hold prior to the pressing process, this is coded that it will allow a part to enter if the work in progress at the press is <1, if not then it will hold. Finally, there is a transfer delay which takes the part from the hydraulic press to the printer.

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc210399241][bookmark: _Toc210661639]Figure 21 - Hydraulic Press Hold (Charlie Morgan, 2025)
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[bookmark: _Toc210399242][bookmark: _Toc210661640]Figure 22 - Hydraulic Press (Charlie Morgan, 2025)
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[bookmark: _Toc210399243][bookmark: _Toc210661641]Figure 23 - Hydraulic Press to Label (Charlie Morgan, 2025)

[bookmark: _Toc210671329]Labelling process
As every part does not require a label, there is a decide block that is a 50/50 probability that the part will or will not receive a label. If the part requires a label, it goes into the label printing process which is a seize delay release, with the printer as the resource. If the part does not require a label, it will skip the printer and go from labelling to output which is simply a transfer delay. Because the printer can only process one part at a time, there is a label hold. This works by coding when work in progress at the printer <1 then proceed, if not then hold.
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[bookmark: _Toc210399244][bookmark: _Toc210661642]Figure 24 - Label Hold (Charlie Morgan, 2025)
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[bookmark: _Toc210399245][bookmark: _Toc210661643]Figure 25 - Label decide block (Charlie Morgan, 2025)
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[bookmark: _Toc210399246][bookmark: _Toc210661644]Figure 26 - Label Printing (Charlie Morgan, 2025)
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[bookmark: _Toc210399247][bookmark: _Toc210661645]Figure 27 - Label to output delay (Charlie Morgan, 2025)

[bookmark: _Toc210671330]Output process
The output process works by a robot arm grabbing the part and placing it in a buffer, waiting for an operator to then come and unload it. In arena, this then works by being a process block that is a seize delay release, the robot arm is then added as a resource. Prior to this there is an output parts decision block, this is 2-way by condition. If the number of parts on the buffer is <4, then the part will be allowed to carry on. If this is untrue, then the part will hold. This then triggers the remove assignment, once the operator remove the parts then the number of parts in the buffer will go back to 0. Next is the remove process, where the operator will come and remove the parts, this is a seize delay release where the operator is the resource. this works by increasing the number of parts by 1 every time it enters the process. Finally, prior to the whole process there is an output hold. This works by allowing a part to flow through if output work in progress is less than 1 and the refill operator is free, if either condition is untrue then the part will not go through.

[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc210399248][bookmark: _Toc210661646]Figure 28 - Output hold (Charlie Morgan, 2025)
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[bookmark: _Toc210399249][bookmark: _Toc210661647]Figure 29 - Output Parts decide block (Charlie Morgan, 2025)
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[bookmark: _Toc210399250][bookmark: _Toc210661648]Figure 30 - Remove Assignment (Charlie Morgan, 2025)
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[bookmark: _Toc210399251][bookmark: _Toc210661649]Figure 31 - Part Removal Process (Charlie Morgan, 2025)
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[bookmark: _Toc210399252][bookmark: _Toc210661650]Figure 32 - Num parts up assignment (Charlie Morgan, 2025)
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[bookmark: _Toc210399253][bookmark: _Toc210661651]Figure 33 - Output Process (Charlie Morgan, 2025)
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