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Introduction
Descrete Event Simulation (DES) provides a structured method for analysing systems in which activities, resources and queues interact over time in a designed simulation environment (Babulak and Wang, 2010). This report applies DES to the Festo CP Laboratory, an automated production system involving inspection, drilling, assembly and output handling.
The process is suitable for simulation because variable processing times, routing decisions, shared resources and capacity constraints influence production flow. Modelling these interactions enables waiting times, resource contention, and other forms of waste to be quantified.
The aim is to develop the production system in an Arena model using the supplied process data. Ten eight-hour replications evaluate throughput, production lead time, waiting, work in progress and resource utilisation. Customer value is assessed by recognising value-adding activities from necessary support work and avoidable waste. The baseline is compared with two alternative configurations, being two drills, and two drills with a larger cap hopper, to evaluate their effects and support practical recommendations for lean improvement.





[bookmark: _Toc242044062]Current Process and Modelling scope
[bookmark: _Toc242044063]2.1 Process scope and boundaries
The CP Laboratory was selected because its connected production stages allow interactions between processing, material supply and shared resources to be investigated. Components enter from the robot assembly and pass-through optical inspection, drilling, top-cap dispensing, hydraulic pressing, labelling and output handling identified in figure one.
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[bookmark: _Toc242046444]Figure 1. CP Laboratory. (University of Wales Trinity Saint David, n.d.)
The model boundary is from component arrival to placement at the output station. Completed entities then leave the model via dispatch. The required product mix includes of 60% two-hole and 40% four-hole components (University of Wales Trinity Saint David, n.d.). The model prioritises component flow, queues and competition for shared resources, as these directly influence throughput and lead time. Robinson (2008) emphasises that conceptual models should remain as simple as possible while satisfying requirements for validity, credibility and feasibility.

[bookmark: _Toc242044064]2.2 Input data and assumptions
System times such as arrival intervals, processing times and transport delays were obtained from the supplied case study portrayed in figure 2. Where minimum, average and maximum values were stated, triangular distributions represented variability. Triangular distributions are used as approximations when information is limited to a range and not a specific value, like the varying process times in figure two (Mathworks, 2026). Transport times were modelled as fixed delays and process inputs use seconds, while reported results use minutes. The baseline assumes an initially empty process, ten available caps stored in the hopper and four free output positions. Failures and reworks are excluded by default.
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[bookmark: _Toc242046445]Figure 2. Triangular Distribution used model system times.




[bookmark: _Toc242044065]2.3 Arena implementation and control logic
Components within the system are represented as entities, where they travel through each stage of the process highlighted in figure three.
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[bookmark: _Toc242046446]Figure 3. CP Laboratory modelled in Arena.
Machine processes use Seize–Delay–Release logic, where each component is allocated the required machine resource, occupies it for the processing time and releases it on completion, this represents limited capacity and enables utilisation measurements to be taken. (Rockwell Automation, 2026). In the model, both drilling operations share one drill with a different drill bit hence a capacity of one. A single operator performs cap refills and four-part output removal, creating competition between these duties. Table 1 summarises the supporting control logic.



	Module
	Where used
	Purpose

	Hold
	Inspection, drilling, cap dispensing, pressing, labelling and output
	Holds components until the specified release condition is satisfied, controlling entry into each station.

	Decide
	Drilling, cap replenishment and output removal
	Selects the drilling requirement, checks cap availability and determines whether output space is available.

	Assign
	Cap hopper and output storage
	Updates cap stock and available output spaces, representing consumption, replenishment, placement and batch removal.


Table 1. Function blocks roles in system supported from ARENA software manual (Rockwell Automation, 2026).
[bookmark: _Toc242044066]2.4 Experimental design and performance measures
Each configuration was simulated for ten replications of 480 minutes, representing an eight-hour working day. Three configurations were examined, the baseline model, two drills with a ten-cap replenishment and finally two drills with a twenty-cap replenishment, the rest of the system matched on all 3 models bar logic to suit changes. The larger-hopper configuration uses the same refill duration, so its predicted benefit depends on the feasibility of refilling twenty caps within that time.
The model records throughput, completed-part lead time, waiting, queue lengths, work in progress (WIP) and resource utilisation. Means and confidence intervals were calculated across ten independent replications, following Sargent’s (1977) approach to analysing finite horizon simulations.
[bookmark: _Toc242044067]2.5 Verification and validation
Sargent (2013) distinguishes verification, which checks correct model implementation, from validation, which assesses whether the model accurately represents the real system. For verification, arrivals minus completed components equalled closing WIP across all thirty replications, supporting internal consistency. Validation requires comparison with observed laboratory performance, which remains outstanding, therefore these findings should be interpreted within the model’s assumptions before practical implementation.
[bookmark: _Toc242044068]Baseline Performance and Waste Analysis
[bookmark: _Toc242044069]3.1 Overall system performance
Figure 4 summarises the baseline results from ten eight-hour replications. Results are presented as means with 95% confidence interval half-widths, calculated from variation between replications. These intervals provide plausible ranges for the model’s true mean performance, with narrower intervals indicating greater precision in the estimated averages (National Library of Medicine, 2024).
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[bookmark: _Toc242046447]Figure 4. Baseline performance across ten replications. Source: Arena baseline output and calculations.
Approximately 74.5% of components reached ‘Dispatch’ within the working day, leaving a substantial backlog of components in the system. The End-of-day WIP exceeded the average WIP, indicating accumulation of components during the shift. The throughput confidence interval has a relative half-width of approximately 0.6%, suggesting an accurate estimate under the model testing. However, this data could still vary with the physical system. 





[bookmark: _Toc242044070]3.2 Bottleneck identification
Urban and Rogowska (2018) describe a bottleneck as a resource or process stage where limited capacity restricts overall system output. It can cause queues upstream and limit the supply of work downstream. In the baseline model, drilling’s high utilisation and substantial upstream queue identify it as the principal bottleneck.
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[bookmark: _Toc242046448]Figure 5. Average Utilisation of Machines
Figure five shows the drill operated at 99.9% utilisation, while its upstream ‘Hold’ queue contained an average of 197.1 components and a mean wait of 58.9 minutes. This queue accounted for approximately 95.5% of the average system WIP. Although the drilling process modules reported zero queue waiting, components were delayed in the upstream Hold module therefore examining only the process queues would conceal the main constraint.
The capacity calculation supports this finding. With 60% of components requiring 18 seconds of drilling and 40% requiring 33 seconds, the mean processing time is 24 seconds. This gives an ideal capacity of 150 parts/hour, below the mean arrival rate of 200 parts/hour. Simulated throughput approached this drilling limit, explaining why queues accumulated.
Operator utilisation was 77.1%, compared with 51.04% for the press and 30.28% for the labeller. These lower values indicate an imbalance in resource loading. Nevertheless, operator contention produced minimal delays as output-removal requests waited approximately 0.6 minutes, compared with 0.1 minutes for cap replenishment.
[bookmark: _Toc242044071]3.3 Value-adding activity and waste
Peterka (2024) explains that value-adding activities in manufacturing change a product’s form, fit or function directly to satisfy customer requirements. Within the CP Laboratory, drilling and hydraulic pressing are treated as value-adding because they transform components towards the required specification that customer is willing to pay for.
Lean waste analysis identifies activities that consume time and resources without adding customer value, helping prioritise process improvements (Utomo and Pudji, 2025). It examines how unnecessary activities extend lead times and reduce the efficiency of production. In this study, waiting and accumulated WIP represent the clearest opportunities for reducing waste.
Figure six portrays the waiting accounted for approximately 97.0% of completed components time in the system. Under the model’s activity classifications, value-added processing averaged 0.8 minutes, representing approximately 1.25% of the total time. Transport contributed a further 0.653 minutes.
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[bookmark: _Toc242046449]Figure 6. Average waiting and value added / non-value-added times.
Inspection, replenishment and output handling support critical steps in production despite not directly adding value to the product. Their necessity must therefore be considered when proposing changes. The strongest baseline evidence supports reducing the drilling backlog, while monitoring the operator as production flow increases.


[bookmark: _Toc242044072]Improvement Experiments and Lean Recommendations
[bookmark: _Toc242044073]4.1 Improvement strategy
The baseline findings indicate that improvement should initially target drilling capacity. This follows Goldratt’s (1984) Theory of Constraints, which directs improvement towards the system constraint and requires reassessment when that constraint changes to identify the next. Baseline drill utilisation was already close to 100% highlighting there was no drilling capacity available within the model.
Two alternative configurations were evaluated, system two introduced two drills with a ten-cap hopper, while system three combined two drills with a twenty-cap hopper. Figure seven compares these configurations with baseline system one. The evaluation considers completed output, lead time and WIP together, since faster processing at one station does not necessarily improve overall production flow.
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[bookmark: _Toc242046450]Figure 7. Performance Comparison between systems.

[bookmark: _Toc242044074]4.2 Increasing drilling capacity
System two largely eliminated the drilling queue, but completed output fell by 11.04% and average time in the system increased by 31.71% compared with the baseline. Congestion shifted downstream to the output hold queue which averaged 260.44 components, with a mean wait of 78.24 minutes. Increasing drilling capacity therefore failed to improve overall production performance in this configuration.
	Supporting measure
	Baseline System
	Two-drill configuration (System Two)

	Operator utilisation
	77.06%
	90.98%

	Completed cap refills per day
	118.8
	158.8

	Mean waiting for output removal
	             0.56 minutes
	                            1.08 minutes

	Completed output removals per day
	296.9
	264


Operator utilisation increased from 77.06% to 90.98%, while completed cap refills rose from 118.8 to 158.8 per day, finally, mean waiting for output removal increased from 0.56 to 1.08 minutes, highlighting greater competition for the shared operator. Completed output removals decreased, so increased operator activity did not translate into more dispatched components emphasized in table two.






Table two. Demonstrating new constraints in system due to two drill installation.
At the expected arrival rate of 200 parts/hour, ten-cap refills and four-part removals require approximately 62.22 operator-minutes per hour. This exceeds one operator’s available time and represents workload at the target rate, rather than measured utilisation.
Meanwhile, reported drilling utilisation fell to 66.72%. Because this measure is divided by two available drill units, the reduction does not indicate that less drilling work occurred. It demonstrates why utilisation must be interpreted alongside capacity and completed output.




[bookmark: _Toc242044075]4.3 Increasing hopper capacity
System three addressed replenishment demand by increasing hopper capacity to twenty caps. Compared with the baseline, the completed output increased by 33.47%, while average time in the system and average WIP both decreased by approximately 94.75%. Throughput reached 198.79 parts/hour, nearing the expected arrival rate.
Figure eight shows how replenishment and removal activity changed across the configurations.
[image: ]
[bookmark: _Toc242046451]Figure 8. Completed support activities, refill duration and output-removal waiting.
Relative to system two, the larger hopper approximately halved completed refill events if assuming the same refill duration. This reduced competition for the operator, whose utilisation fell to 69.09%, allows for more output removals to be completed. The benefit therefore arose from reducing the frequency of operator work alongside increasing drilling capacity.
However, this outcome depends on replenishing twenty caps in approximately the same time as ten. If refill duration doubled, the calculated saving in replenishment workload would disappear. The larger hopper also requires additional cap storage, creating a trade-off between material availability and inventory at the station.


[bookmark: _Toc242044076]4.4 Recommendations and limitations
Based on the results, the two-drill configuration with a twenty-cap hopper is recommended for further investigation. Its suitability depends on whether twenty caps can be replenished within the assumed duration. A time study should therefore establish refill times, followed by sensitivity analysis to assess how longer replenishment affects throughput and operator workload (Lasserre, 1981). Equipment costs, space requirements and additional cap storage should also be evaluated before implementation.
Only three configurations were evaluated, so the findings do not establish an optimal design. Testing intermediate hopper capacities could identify whether comparable performance is achievable with less cap storage or introducing a second operator. The results also remain dependent on the supplied input distributions and require comparison with observed laboratory performance.
A monitored trial is recommended before wider adoption. The throughput, waiting, resource utilisation and closing WIP should be assessed together, ensuring that unfinished components remain visible in the evaluation. This approach is consistent with Skoogh et al. (2023), whose  review classifies 14 bottleneck detection methods according to queue states, process states or a combination of both. Applied to the CP Laboratory, examining queue lengths and waiting times alongside resource utilisation would help identify where capacity restricts production flow. Repeating this assessment after improvements would help determine whether congestion has reduced or the constraint has shifted to another resource.



[bookmark: _Toc242044077]Conclusion
This study applied discrete event simulation in Arena to evaluate the CP Laboratory to identify operational constraints and assess opportunities for Lean improvement. The baseline analysis identified drilling as the key bottleneck, with utilisation approaching 100% and substantial queues forming upstream. Waiting accounted for approximately 97% of completed components time in the system, while increasing WIP demonstrated that arrivals exceeded the line’s processing capacity. These findings established waiting and accumulated inventory as the main measured sources of waste.
The improvement experiments demonstrated the importance of assessing performance across the whole production system. Introducing a second drill largely removed the drilling backlog, but completed output decreased by 11.04%. Higher operator utilisation and longer waits for output removal indicated increased competition between replenishment and removal duties. 
Combining two drills with a twenty-cap hopper produced the strongest performance among the configurations tested. Compared with the baseline, as completed output increased by 33.47%, while average lead time and average WIP decreased by approximately 94.75%. Less frequent replenishment reduced the operator’s workload, supporting improved output flow. As value-added processing time remained approximately unchanged, the main benefit concerned reducing delays and improving coordination between activities.
However, these results remain conditional on the model assumptions, particularly the unchanged refill-time distribution for twenty caps. Differences in control logic also limit attribution of the results to individual changes, and three configurations cannot establish an optimal design. The combined configuration is therefore recommended for further investigation through measured refill times, consistent model comparisons and validation against observed laboratory performance. Equipment costs, storage requirements and practical feasibility should be assessed before implementation. Continued monitoring of throughput, queues, resource utilisation and closing WIP would help determine whether improvements are sustained and would help identify any new emerging constraints.
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Appendix 1. Baseline Arena Model (System One).
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Appendix 2. Baseline Arena Model (System One) Running at EOD.
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Appendix 3. Arena Model (System two) two drill setup.
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Appendix 4. Arena Model (System two) two drill setup running EOD.
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Appendix 5. System Two Drill Resource Capacity Increase to two.
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Appendix 6. Logic change on Drill hold for two drills.
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Appendix 7. System 3 change to increase hopper capacity while maintaining two drills.
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Process Function Min(s) | Average(s) | Max(s)

1.Parts in From Robot Assembly 15 18 21 Legend
2.Automated Optical Inspection 2 2.4 3.4 Part Creation Time
Camera to Drilling 8.2 Movement times
3.Drilling (2 Holes) 16 18 20 Process Times
3.Drilling (4 Holes) 30 33 36

Drill to Dispensing 7.3

4.Top Cap Dispensing 2.7 3 3.5

4.Refill (every 10x cycles) 110 120 135

Mag Back to Press 7.3

5.Hydraulic Press 11.7 12.3 12.9

Press to Label 8.2

6.Label Printing 6.2 7 8.7

Label to Output Station 8.2

7.0utput Station 3.6 4.1 5.1

7.Remove Parts (Every 4x

Cycles) 20 26 32
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CP Laboratory Baseline Table

Performance measure Unit Mean 95% half-width CI lower CI upper Minimum run Maximum run

Arrivals parts/day 1,600.20 1.65 1,598.55 1,601.85 1,597.00 1,604.00

Completed at Dispatch parts/day 1,191.50 6.94 1,184.56 1,198.44 1,172.00 1,200.00

Throughput parts/hour 148.94 0.87 148.07 149.80 146.50 150.00

Time in system, completed parts min/part 62.13 0.74 61.39 62.87 61.06 63.96

Waiting, completed parts min/part 60.27 0.74 59.54 61.01 59.21 62.10

Average WIP parts 206.42 2.66 203.75 209.08 203.14 214.30

End-of-day WIP parts 408.70 7.18 401.52 415.88 401.00 432.00
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Baseline resource utilisation

Resource Unit Mean use 95% half-width CI lower CI upper Capacity

Drilling % 99.96% 0.00% 99.96% 99.96% 1

Shared operator % 77.06% 0.50% 76.56% 77.55% 1

Hydraulic press % 51.04% 0.26% 50.77% 51.30% 1

Label printing % 30.28% 0.15% 30.13% 30.43% 1

Output handling % 17.66% 0.12% 17.54% 17.77% 1

Optical inspection % 14.42% 0.04% 14.39% 14.46% 1

Cap dispensing % 12.75% 0.07% 12.68% 12.82% 1
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Completed-entity time breakdown

Time category Baseline Model mean (min)

Waiting 60.274

Value-added category 0.778

Non-value-added category 0.424

Other Time (transport) 0.653
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Performance comparison

Metric Unit System One mean System Two mean System Three mean 2 vs 1 change 3 vs 1 change 3 vs 2 change

Arrivals parts/day 1,600.200 1,601.200 1,600.000 0.06% -0.01% -0.07%

Completed at Dispatch parts/day 1,191.500 1,059.900 1,590.300 -11.04% 33.47% 50.04%

Time in system min/part 62.128 81.831 3.262 31.71% -94.75% -96.01%

Waiting time min/part 60.274 79.976 1.508 32.69% -97.50% -98.11%

Average WIP parts 206.415 272.159 10.835 31.85% -94.75% -96.02%

Closing WIP parts 408.700 541.300 9.700 32.44% -97.63% -98.21%

Drill Hold mean waiting min 58.92300 0.00024 0.00024 -99.9996% -99.99960% -2.03734%

Output Hold mean waiting min 0.598 78.236 0.332 12990.39% -44.51% -99.58%
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Operator demand and completed support events

Measure Unit System one mean System two mean System three mean

Refill requests events/day 119.400 159.200 79.200

Completed refills events/day 118.800 158.800 79.000

Output-removal requests events/day 297.600 264.900 397.400

Completed removals events/day 296.900 264.000 396.700

Refill service duration min/event 2.024 2.028 2.022

Removal service duration min/event 0.433 0.432 0.433

Refill request waiting min/event 0.125 0.134 0.097

Removal request waiting min/event 0.559 1.083 0.271

Cap dispensing completions parts/day 1196.900 1594.300 1597.300
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Name Type Capacity [Busy / Hour[Idle / Hour [Per Use [StateSet Name |Failures [Report Statistics | Comment
1 i Fixed Capacity 2 00 00 00 orows @
2 Gperator Fixed Capacity 1 00 00 00 orows @
3 Camera Fixed Capacity 1 00 00 00 orows @
B CapDispenser  Fixed Capacity 1 00 00 00 orows @
5 Press Fixed Capacity 1 00 00 00 orows @
6 Labeller Fixed Capacity 1 00 00 00 orows @
7 Outputandier  Fixed Capacity 1 00 00 00 orows @
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