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[bookmark: _Toc210332715]Abstract
This report builds a current-state discrete-event simulation (DES) of a multi-stage CP Lab line to assess performance without disrupting production. The Arena model includes arrivals, AOI, probabilistic two/four-hole drilling, cap dispensing with refill control, pressing, optional labelling, and tray-based output with periodic removals; inter-station transfers are modelled explicitly, resources are unit-capacity, and SCAN holds coordinate human-in-the-loop tasks. We run 100 × 8-hour replications and report throughput, flow time, waiting, WIP, utilisation, and non-value-added time. Analysis identifies blocking/starvation and where constraints arise, quantifying the impact of the two manual interventions. We conclude with targeted opportunities around consumable management, batching policy, transfer times, and operator workload; future-state modelling is out of scope.
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[bookmark: _Toc210332717]Introduction
Discrete Event Simulation (DES) models production as sequences of state changes, letting us examine flow, quantify performance, and identify improvements without disrupting operations. This study develops and analyses a current-state DES of a workplace process, focusing on how entities, resources, and control logic shape throughput, waiting time, utilisation, and work-in-process (WIP). The aim is to produce defensible insights into waste and value distribution and to recommend lean opportunities; future-state modelling is out of scope.
The system is the FESTO CP Laboratory (CP Lab), a modular Industry 4.0-line representative of small, multi-stage assembly. The model covers arrivals, automated optical inspection, drilling (two-/four-hole), cap dispense with periodic refills, hydraulic press, optional labelling, and tray-based output with periodic removals. Deterministic transfers, stochastic process times, and human-in-the-loop tasks create realistic blocking and starvation, reveal capacity constraints, and quantify the impact of policy-driven interventions.
The work emphasises a clear mapping from process to Arena logic, quantitative analysis of performance and bottlenecks, and professional presentation of evidence. Results are reported through model documentation and statistics aligned to the assessment focus on model correctness, system analysis, and research-informed practice.
.
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[bookmark: _Toc210332719]Data Used in the Model
The model reflects a single product type released every 104 seconds from time zero (two initial entities seeded to avoid an empty start). Station process times were parameterised as triangular distributions from observed bounds:
· Camera (inspection): Triangular 2.00 - 2.35 - 3.40 s
· Drill – two-hole path: Triangular 9.23 - 10.50 - 11.38 s
· Drill – four-hole path: Triangular 9.26 - 9.73 - 11.38 s
· Cap dispense (“08 Mag Back”): Triangular 2.73 - 3.01 - 3.44 s
· Press: Triangular 6.35 - 7.06 - 8.66 s
· Labelling (labelled items only): Triangular 7.23 - 7.34 - 7.77 s
· Output (“11 Out” handling): Triangular 3.78 - 4.05 - 5.05 s
Deterministic transfer times are modelled explicitly so transport does not get hidden inside service times: 
8.2 s (Camera → Drill, Press → Label, Label → Output) and 7.3 s (Drill → Dispense, Dispense → Press).
Branching is represented with simple probabilistic gates; 50/50 between two-hole and four-hole drilling, and 50/50 between labelling and bypass at the labelling step.
[bookmark: _Toc210332720]Operating Policies and Periodic Work
Two short, human-in-the-loop activities interrupt the flow and are modelled as resource-seizing processes in minutes (converted in-model to seconds for consistency):
· Cap refill: a counter ‘NumCaps’ starts at 10 and decrements by one per part; when ‘NumCaps’ ≤ 1, the part diverts to a Refill Process (Triangular 4 – 5 - 6 min) that seizes a Refill Person resource, after which ‘NumCaps’ is reset to 10.
· Tray removal at output: a tray counter increments with each finished unit; at 4 parts a Remove Part activity runs (Triangular 1.8 - 2.2 min) using a Removal Man resource, then resets the counter.
SCAN-based holds are used at the relevant buffers to pause release while the operator is busy, ensuring the blocking window created by these manual tasks is captured.
[bookmark: _Toc210332721]Assumptions and Consistency
All stations are modelled as unit-capacity resources (single-threaded machines), and each manual role has capacity 1. Time units are normalised with seconds as the base; minute level tasks (refill, tray removal) use explicit minutes-to-seconds conversion functions. Triangular distributions are used where minimum, most-likely and maximum values are available, providing a transparent, bounded representation of variability that is widely accepted for early-stage discrete-event studies (Banks, 2010).
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[bookmark: _Toc210332723]Model Specification
Table 1 summarises the current-state Arena model: one part every 104 s, explicit 7.3/8.2 s transfers, unit-capacity stations, and two short human interventions (cap refill, tray removal) controlled with SCAN holds.
	Element
	Definition

	Entity
	Single product entity: Create block releases 1 part every 104 s from time 0. 

	Routing (with transfers)
	Camera → 8.2 s → Drill (Decide: 50/50 to Two/Four) → 7.3 s → “08 Mag Back” (Cap Dispense) → 7.3 s → Press → 8.2 s → Label Hold → Decide (50% label / 50% bypass) → 8.2 s → 11 Out → Tray logic/Dispose.

	Process times
	Camera Tri(2.0, 2.35, 3.40) s
Drill-Two Tri(9.23, 10.50, 11.38) s
Drill-Four Tri(9.26, 9.73, 11.38) s
Cap Dispense Tri(2.73, 3.01, 3.44) s
Press Tri(6.35, 7.06, 8.66) s
Label Tri(7.23, 7.34, 7.77) s
11 Out Tri(3.78, 4.05, 5.05) s

	Periodic rules
	Caps refill variable ‘NumCaps’ decrements per part; when ≤1 → Refill Process Tri(4, 5, 6) min using Refill Person, then reset Num Caps = 10.
Tray removal: when Part on tray = 4 → Remove Part Tri(1.8, 2.0, 2.2) min using Removal Man, then reset counter. 
SCAN Holds keep flow stopped until the human resource is free.

	Resources (cap=1)
	Cam Module, Drill, Dispenser, MPress, Printer, Output Robot, Refill Person, Removal Man (AUTOSTATS enabled).

	Queues / Holds
	Camera Hold, Drill Hold, Mag Back Hold, Press Hold, Label Hold, Out WIP Hold, 11 Out hold; SCAN conditions gate flow on WIP and ResUtil, status of Refill Person.

	Run setup
	100 replications, 8 h run, seconds as base unit; minute-level activities converted via MinutesToBaseTime. 

	Instrumentation
	Tallies per entity: TotalTime, WaitTime, VATime at each station. 
Between (BET) inter-arrival tallies at boundaries.
 NumberIn/Out captured for key modules.


[bookmark: _Toc210332543]Table 1 - Current-state model specification (base unit: seconds; minute-level tasks converted)
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The Arena model mirrors the CP Lab line step by step which is shown in Figure 1. Transfers are modelled explicitly and all machines run as single-capacity resources, so any blocking or starvation arises naturally from the flow rather than being hidden in activity times. The drill and label stages use simple probabilistic splits (two- vs four-hole; label vs bypass) but share the same resources. Two short human interventions, cap refills at the dispenser and tray removals at output, are modelled as resource-seizing tasks (minutes), with SCAN holds pausing release until the operator is free. This is standard DES practice for representing contention and release policies (Law, 2015).
Instrumentation is deliberately simple. Each process records wait, value-adding, and total time per entity, while Between tallies capture hand-offs. We run 100 replications of an 8-hour day with seconds as the base unit (minute-level manual tasks converted in-model), providing stable estimates and confidence intervals without unit drift (Kelton, 2015).
[bookmark: _Toc210332725]Verification and Validation
[bookmark: _Toc210332726]Verification
· Each station records Number In/Number Out and WIP - Over multiple replications the counts balance (e.g., everything that leaves Camera reaches Drill; everything that leaves 11 Out increments the tray counter).
· SCAN-based holds at Camera, Drill, Mag Back, Press, Label, Out WIP, and 11 Out only release entities when the downstream area is clear and, where relevant, the human operator is free (e.g. ResUtil(Refill Person), ResUtil(Removal Man). This prevents unrealistic overlap of manual tasks.
· The base unit is seconds - Minute-level activities (cap refill and tray removal) use MinutesToBaseTime, so all timings are consistent and comparable.
[bookmark: _Toc210332727]Validation
· Fixed transfer legs (8.2 s and 7.3 s) and unit-capacity machines reflect the single-threaded equipment in the lab.
· The 50/50 splits at Drill (two/four holes) and Label (label/bypass) match the stated policy.
· The two human interventions—cap refill after 10 parts and tray removal every 4 parts are modelled as short, blocking, resource-seizing tasks, which mirrors the real stoppages they create.
· Running 100 replications of an 8-hour day provides stable estimates and confidence intervals for cycle time, waiting and throughput.
These checks give confidence that the model’s logic is sound and that its behaviour is a reasonable representation of the current system. This is a suitable basis for interpreting the KPIs and identifying where delays and non-value-adding time occur (Sargent, 2013).



[bookmark: _Toc210332728]Waste Identification
Waste Identification maps the seven wastes to what the model shows, using the most telling KPIs from the current-state runs. The purpose is to separate true capacity problems from policy, and flow-related losses, so improvement effort goes where it will count (Womack & Jones, 1996).
[bookmark: _Toc210332729]Waiting
Delays cluster at the output because of the tray-of-four rule and human-gated removal: 11 Out hold - 113.03 s/part and Out WIP Hold - 23.63 s/part. The line is arrival-paced, then intermittently blocked by this policy, not by machine capacity.
[bookmark: _Toc210332730]Inventory
Batch removal drives WIP build-up immediately upstream of output, visible in the same two holds. Core stations show low queues, consistent with low machine utilisation (Lean Enterprise Institute, 2011).
[bookmark: _Toc210332731]Transport
Fixed transfers - 8.2 s and 7.3 s legs - add non-value time and can amplify blocking when the output pauses.
[bookmark: _Toc210332732]Motion
Short manual tasks (cap refills 300 s/event; tray removal 120 s/event) seize operators and impose blocking windows; the motions themselves add no value.
[bookmark: _Toc210332733]Over-Processing
A 50/50 split between two- and four-hole drilling may exceed requirements in some cases. If so, unnecessary four-hole cycles are over-processing.
[bookmark: _Toc210332734]Bottom Line
The dominant wastes are Waiting and Inventory at output, driven by policy. Secondary contributors are Transport and Motion. High-leverage actions target: faster/decoupled tray removal and leaner refill execution before any capacity changes (Roser, 2017).

[bookmark: _Toc210332735]Value Analysis
Value-adding (VA) time is the time that changes the part in a way the customer would pay for. For this line, that’s Drilling, Cap dispense, Pressing, and (where applied) Labelling. Everything else is non-value-adding (NVA), waiting, transfers, handling, and checks (even if some are necessary to run the process) (Rother, 1999).
What the model shows (averages across 100 × 8-hour runs):
· VA time per part - 24.39 s, made up of:
Drill - 10.25 s, Cap - 3.06 s, Press - 7.36 s, Labelling - 3.72 s (only 50% of parts are labelled).
· NVA time per part - 182.74 s, driven by:
Waiting at output - 136.66 s (tray-of-four rule + human removal), Transfers - 39.2 s (fixed moves), Camera inspection - 2.58 s (quality-enabling), and Output handling - 4.30 s.
That gives a total time-in-system - 207.13 s per part, of which 12% is VA and 88% is NVA.
[bookmark: _Toc210332736]Implications
The largest gains are unlikely to come from extra machine capacity. Instead, they lie in removing policy-induced delay at the line end and standardising the periodic refill task. In practice, this means moving to smaller or time-boxed trays, or otherwise decoupling tray clearance from the main flow so parts are not held while removal occurs; and tightening the cap-refill routine (clear triggers, standard work, and cover) so the blocking window is shorter and more predictable. Where feasible, minor layout tweaks to cut transfer time will provide additional, albeit smaller, benefits. These actions increase the share of value-adding time without altering core process speeds—consistent with lean guidance to address flow and policies before adding capacity (Liker, 2004)

[bookmark: _Toc210332737]Simulation Analysis & KPI’s
[bookmark: _Toc210332738]Experimental Design
The model was run for 100 independent replications of an 8-hour operating day with seconds as the base unit. Minute-based manual tasks were converted within the model to maintain consistent units. Standard Arena tallies captured per-entity total time and wait time at each station, alongside “Between” inter-stage measures, WIP/counts, and AUTOSTATS for resource and queue performance. This set-up follows common DES practice for separating transient and steady behaviours and for reporting performance with confidence intervals (Banks, 2010)
[bookmark: _Toc210332739]Results
Across replications, the line delivers 276.0 units per 8 h. This essentially equals the deterministic inter-arrival of 104 s, indicating the system is paced by arrivals rather than by machine capacity. Waiting is concentrated at the output end, driven by the tray-of-four policy and the human-gated removal; mean waiting at 11 Out hold is 113.03 s per entity, with a further 23.63 s at Out WIP Hold. Elsewhere, station service times sit close to their parameterised triangular means - Camera 2.58 s, Drill-Two 10.37 s, Drill-Four 10.12 s, 08 Mag Back 3.06 s, Press 7.36 s, Label 7.45 s, and waiting at these machines is negligible. Resource statistics tell the same story: the Refill Person and Removal Man are the busiest resources (mean utilisation 0.312 and 0.284), while core machines remain lightly loaded (e.g. Drill 0.099, MPress 0.071, Output Robot 0.041). Observed durations for the two periodic tasks align with their inputs, Refill - 300 s, Tray removal - 120 s per event, confirming unit handling and instrumentation are consistent. See Figure 2 for the KPI summary the most significant wait times.
[image: A screenshot of a graph

AI-generated content may be incorrect.][bookmark: _Toc210330606]Figure 2 - Queue/Hold waiting times (most significant)


[bookmark: _Toc210332740]Interpretation and implications.
Throughput is limited by the fixed arrival cadence and by intermittent output blocking from tray batching and human intervention. In lean terms, this is policy-driven, not a capacity shortfall. The most direct levers are to decouple or accelerate tray removal (smaller batches, parallel/automated removal, or time-boxed clears) and to smooth the two periodic tasks (stagger duties, short-interval cover, tighter standard work). Both actions target queues at Out WIP and 11 Out, reducing delay without adding machines. If more headroom is needed, you could change the arrival cadence or add limited buffering, but that alters takt, not internal losses. This aligns with flow theory: persistent local queues with low utilisation usually point to synchronisation/release policy, not core capacity (Hopp & Spearman, 2011). See Figure 3 for the utilisation profile.
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[bookmark: _Toc210332742]High Impact
Reduce/decouple tray batching at output. Move from 4-up trays to smaller batches or time-boxed clears, or decouple removal (e.g., parallel cart, buffer, or off-line clear). This targets the dominant waits at 11 Out hold and Out WIP Hold without touching machine capacity. (Lean flow principle: cut queues and release policies before adding capacity.) (Hopp & Spearman, 2011), (Womack & Jones, 1996).
Standardise and trigger the cap-refill routine (mini-SMED). Use a simple kanban/low-stock trigger for caps, pre-stage materials/tools, and define standard work so refill time and variance shrink. Where possible, provide short interval cover so production doesn’t pause (Liker, 2004), (Shingo, 1985).
[bookmark: _Toc210332743]Medium Effort, Steady Benefits
Workload smoothing for operators - Separate tray removal and refill duties (or cross-train for micro-cover) to avoid long, overlapping stops.
Trim material handling - Minor layout tweaks or route rationalisation to shave the 7.3/8.2 s transfer legs; modest individually, but meaningful across all parts.
Quality at the right point - If/when rejects are modelled, gate earlier (AOI before costly steps) to avoid pushing defects downstream (Liker, 2004).
[bookmark: _Toc210332744]Lower Priority
Cycle-time relief at non-bottleneck machines. Current utilisations are low; capacity adds here are unlikely to move throughput until policy waits are removed (Hopp & Spearman, 2011).


[bookmark: _Toc210332745]Conclusion
The current-state DES shows an arrival-paced line where performance is limited mainly by policy-driven waits at the output (tray batching and human removal), not by machine capacity. Value-adding time is a small share of the total, with most delay tied up in waiting and transfers. The most effective next steps are to reduce or decouple tray batching and standardise the cap-refill routine, which should lift flow and VA share without adding equipment. Further capacity changes are unlikely to help until these policy constraints are addressed.
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