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Abstract

Aircraft design and development projects involve high levels of uncertainty due to their complex structure, making
effective project scheduling critically important. This study addresses the limitations of deterministic scheduling
approaches in managing uncertain activity durations within projects conducted in collaboration with Turkish
Aerospace Industries. The main problem lies in the inability of traditional methods to adequately capture uncertainties
arising from design changes, certification processes, and supply chain disruptions. To overcome this issue, an
integrated methodology based on Critical Path Method (CPM), PERT, and Monte Carlo Simulation is proposed and
implemented. Initially, CPM established a baseline schedule with an estimated completion time of 2955 days. To
incorporate uncertainty, PERT and a 10,000-iteration Monte Carlo Simulation were executed. Results demonstrated
that the deterministic CPM approach provided a highly optimistic estimate with a mere 1.26% probability of
realization. In contrast, PERT calculated the expected duration as 3071 days, while the Monte Carlo simulation
revealed a more realistic average completion time of 3143 days under worst-case scenario distributions. The findings
suggest that incorporating stochastic uncertainty into project planning significantly improves decision-making and
enhances the accuracy of schedule predictions. This study contributes to the literature by proposing and numerically
validating an integrated framework for analyzing uncertainty in aircraft development projects, providing a foundation
for more robust and risk-aware planning practices in the defense industry.
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1. Introduction

Aircraft development projects are highly complex processes that involve many interrelated activities such as design,
manufacturing, integration, and testing. In addition to these processes, aircraft must also go through strict certification
procedures conducted by aviation authorities to ensure that safety and airworthiness requirements are satisfied. Since
certification activities are closely integrated with the main project schedule, delays occurring during the development
phase may directly affect certification processes and overall project completion time. Due to the nature of aviation
projects, many uncertainties may arise throughout the project's lifecycle. Factors such as design changes, supplier
delays, subcontractor performance, and weather conditions during flight tests may create variability in activity
durations and lead to deviations from the planned schedule. These uncertainties make it difficult to estimate the
project's completion time accurately when traditional deterministic planning approaches are used.
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In conventional project scheduling methods, activity durations are generally assumed to be fixed values. However,
this assumption may lead to overly optimistic project completion estimates since real-life project environments contain
various sources of uncertainty. Therefore, it is important to analyze how uncertainties in activity durations influence
the overall project schedule. Based on this motivation, the aim of this study is to evaluate the impact of activity
duration uncertainties on the project completion time of an aircraft development project. For this purpose, Critical
Path Method (CPM), Program Evaluation and Review Technique (PERT), and Monte Carlo simulation are utilized to
identify critical activities, analyze the project schedule, and obtain more realistic estimations for the project's
completion time. The study aims to demonstrate how incorporating uncertainty into project scheduling can support
more effective planning and decision-making.

The first stage of the study involves conducting a literature review, in which the methods used and previous studies
on aviation and other industry projects' estimation under uncertain activity durations are examined. Subsequently, the
theoretical foundations of the CPM, PERT, and Monte Carlo simulation methods are presented in sequence. In the
application phase, the analyses carried out using the integrated CPM, PERT, and Monte Carlo simulation framework
are discussed alongside their comparative findings. Finally, the results of the study are evaluated, future
recommendations are provided, and the paper is concluded.

2. Literature Review
This section includes studies conducted between 2020 and 2025 on project management, risk analysis, CPM, PERT,
and Monte Carlo simulation.

Timtiirk and Tiimtiirk (2020) examined the effectiveness of the critical path method (CPM) in managing complex
construction projects using an urban transformation project in izmir. The study demonstrates step-by-step how to
define project activities, create a work breakdown structure, and construct a deterministic network diagram by
establishing predecessor-successor relationships between activities. Analyzing the role of activities on the critical path
in determining the total project duration, this research emphasizes the importance of creating a robust ‘Baseline
Schedule’ during the planning phase of projects.

In 2020, Sheibani investigated the scheduling of aircraft ground handling operations with uncertain durations using
critical path analysis and Monte Carlo simulation to improve ground handling, equipment availability, and crew
assignment during aircraft turnaround times. The focus was on accurately predicting aircraft turnaround times and
allocating resources more efficiently to improve ground handling operations, which can be complicated by cargo
loading/unloading events, adverse weather conditions, or equipment failures. A case study conducted on a long-range
wide-body jet (Boeing 787) demonstrated that modeling activities using probability distributions instead of
deterministic durations resulted in more realistic turnaround time predictions and optimized resource utilization
compared to traditional methods.

The study “Monte Carlo Simulation Applications for Construction Project Management” (2020) by Manoj Kumar
Sharma examines the effectiveness of Monte Carlo simulation in managing risks and uncertainties encountered in
complex construction projects. Unlike traditional methods, the research treats risk management as a holistic technique
encompassing identification, qualitative and quantitative assessment, response, and control processes.
Methodologically, the study utilizes probability distributions and Monte Carlo simulation to model uncertainties in
the project schedule; the role of professional software like @RISK in decision support mechanisms is highlighted.
The analysis concludes that simulation techniques are a superior tool for identifying threats to the primary project
objectives of time, cost, and quality, offering project managers a much more reliable, probability-based forecast than
deterministic approaches.

Fadjar, Nirmalawati, and Hidayat (2022) investigated the effect of uncertainty in activity durations on the total project
duration by comparing CPM and Monte Carlo simulation results. The study statistically demonstrated that
deterministic calculations generally yield optimistic results; however, simulations using a PERT distribution showed
that the ‘mean’ and ‘median’ values were closer to reality. This analysis, performed on a simple network diagram,
shows that the simulation provides project managers with a reliable timeframe that includes a risk factor, rather than
a single completion date.

The study “Leveraging Monte Carlo Simulation for Project Risk Management: A Study on Pre-Mitigation and Post-
Mitigation Techniques in Risk Registers” (2025), prepared by Armijos De La Cruz and colleagues, examines the
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strategic use of Monte Carlo simulation to manage uncertainties that cause projects to deviate from budget and
schedule targets. The research emphasizes that traditional single-point (deterministic) estimations are insufficient to
reflect the risks in complex projects, arguing that more realistic predictions can be generated through probability
distributions. In the study, thousands of iterations were run on the project's time and cost variables; this process
involved identifying and analyzing risks and interpreting the simulation outputs (probability density functions and
cumulative distribution plots). The results of the study revealed that Monte Carlo simulation provides project managers
with a numerical probability (confidence levels) of the project's completion on a specific date or within budget,
enabling the establishment of more informed decision-making mechanisms and the proactive mitigation of risks.

In his 2025 study, “Enhanced Monte Carlo simulation for project risk analysis: integrating cost and schedule impacts
with time-shifted risks and dependency modeling,” Marc Bara criticized the static nature of traditional Monte Carlo
simulations in project risk management, proposing a model that integrates cost and project schedule uncertainties in
the time dimension. The study states that risks are not independent of each other and that the occurrence of one risk
changes both the timing and probability of subsequent events. Therefore, instead of making a single prediction at the
end of the project, this developed method creates dynamic P90 cost and delay curves daily to identify critical periods
where risk exposure is concentrated. Comparative analyses have shown that classical methods significantly
underestimate cost and time reserves due to their disregard for chain risk effects.

In a study by Ichsan et al. (2025), an approach integrating Monte Carlo simulation and PERT techniques was presented
to more accurately predict the completion time of the Jakarta Central Railway Station construction project. The study
argued that classical deterministic scheduling methods (CPM) are insufficient in managing uncertainties, and used
optimistic, pessimistic, and most probable duration estimates for activities. In this large-scale railway project, the
cumulative impact of risks on the project schedule was analyzed through probabilistic distributions. The simulation
results calculated the probability of the project being completed on the contract date, providing managers with more
realistic completion dates at different confidence levels. This study demonstrates with concrete data how numerical
modeling of risks in complex projects with uncertain activity durations improves project success and prediction
accuracy.

The aerospace sector is a field where deterministic planning methods often prove insufficient due to high technology
requirements and complex certification processes. A review of uncertainty management studies in the literature reveals
that Hu et al. (2016) focused on improved sampling techniques to reduce the computational burden of the classical
Monte Carlo method in design optimization processes. Similarly, to address uncertainties arising from data scarcity,
Ahn et al. (2018) proposed a quantitative index method called the "R-model," which standardizes risks through a
numerical framework. These studies demonstrate the necessity of simulation-based approaches in modeling uncertain
parameters within aerospace projects. In this context, our study focuses on aircraft development processes at TAI,
presenting an integrated framework of CPM, PERT, and Monte Carlo simulation to enhance methodological depth in
the sector.

While most studies in the literature compare methodologies theoretically, this proposed study numerically
demonstrates—through simulation—the optimism bias created by CPM and PERT methods under uncertainties
inherent in aviation projects. This study presents an original approach focusing on aircraft design and development
processes in order to fill sectoral gaps in the literature and provide methodological depth. A review of the literature
shows that project scheduling and risk analysis studies are predominantly concentrated on construction, logistics, or
the maintenance of existing systems, while studies addressing the project management of aircraft—characterized by
high technology requirements and a high degree of unknown parameters—remain quite limited. Our project aims to
contribute to the sector by modeling these processes, which are difficult to manage due to their cyclical and uncertain
nature. In this context, unlike existing studies that focus on a single method, CPM, PERT, and Monte Carlo simulation
techniques will be addressed within an integrated framework. Through this three-way comparative approach, the
method that yields results closest to actual completion times in defense industry projects will be analyzed, and a
strategic decision-support framework that calculates the most accurate margin of deviation for project managers will
be presented.

3. Methods

3.1 Critical Path Method (CPM)

The critical path method was developed in 1957 by J. E. Kelly and M. R. Walker to calculate downtime for
maintenance in chemical plants and to complete the project in the shortest possible time (Temiz and Dursun 2016).
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According to the critical path method, it is assumed that the durations of the activities in the project are known and
precisely determined because similar projects have been carried out before (Chwastyk and Pisz 2020). The aim of this
method is to determine the critical path to be followed to reach the project endpoint within the given time and to
investigate different options that may arise if the durations of the activities change (Abuhasel 2023). After the network
diagram is created, the first step is to determine the activity durations. In the critical path method, the exact duration
of each activity is determined using the experience of the project management team and data from similar projects
carried out in the past. After determining the activity durations, the earliest start, earliest completion, latest completion,
latest start times, and slack value of each activity are calculated. After calculating the slack value, critical activities
and the critical path can be determined by looking at these values. Activities with a slack value of zero are determined
as critical activities, and the order of these activities forms the critical path of the project. The critical path includes
all critical activities of the project, and the sum of the durations of these activities naturally gives the project completion
time (Corumlu 2022).

3.2 Program Evaluation and Review Technique (PERT)

The PERT technique was first applied in 1957 by the U.S. Navy to complete the Polaris Project—the construction of
missile-launching submarines—two years ahead of schedule. As an event-oriented system, PERT offers numerous
advantages for non-repetitive project types, R&D, prototype production, space exploration, and defense projects (Roy
2005). In cases where the duration of each activity in the project can be precisely determined, representing a
deterministic method, the CPM method is utilized. Conversely, the PERT method is based on the expected durations
of activities, thus constituting a stochastic model (Milojevi¢ et al. 2022).

Creating a PERT network requires comprehensive information about key project activities or tasks. Accurately
matching preceding and subsequent activities for each task is critical. The completion time for an activity can be
obtained through an analysis that typically includes the shortest, longest, and most likely durations (Yudistira 2024).
In this method, durations follow a beta distribution, and the critical path of the project is determined by making three
estimates for each activity. PERT development is based on six steps, as follows (Sachs and Gabriel 2022; Ljiljani¢ et
al. 2022):

1. Defining the project and identifying all key activities or tasks

2. Establishing the connections between these activities; determining which should come before or after the
others (priority relationship)
Defining the network connecting all activities
Assigning estimated duration and cost to each activity
Calculating the critical path, i.e., the longest time path within the network
Using the network in project planning, scheduling, and control processes

AN

One of the aims of using the PERT technique is to determine how much time is needed to complete the project.
Therefore, PERT directly affects the success of the project by identifying; It uses time as a common denominator to
directly analyze time, cost, and performance. Using the PERT technique, the earliest time of an event or the start or
completion times of an activity can be determined (Kizil 2020).

Managers may have access to information regarding time estimates from foremen, suppliers, subcontractors, and other
service providers. This information also enables managers to determine the central measure and the measure of
dispersion (standard deviation) for a project's completion time (Bagshaw 2021).

Many simplifying assumptions are considered in the PERT method; therefore, studies also exist under the assumption
that the probability distributions of activity durations differ from the beta distribution (Corumlu 2022). The project
completion time is assumed to follow a normal distribution (Desticioglu Tasdemir 2022). When there is more than
one critical path in the project, the path with the largest variance is determined as the critical path.

3.3 Monte Carlo Simulation

Monte Carlo simulation is a method that encompasses a statistical sampling technique to generate approximate
solutions to numerical problems. In this method, a model of a real-life system or situation is developed, and this model
includes specific variables. These variables have different possible values represented by probability distributions
defined for each variable. Monte Carlo simulation simulates the entire system hundreds or thousands of times,
selecting a number for each variable each time according to the probability distribution of that variable. The output is
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the probability distribution of the overall value for the entire system calculated over the iterations (Kwak and Ingall
2009).

Monte Carlo simulation shows a strong correction effect in estimating project duration, reducing the error in the
estimation value of the traditional PERT method to a certain extent (Chen et al. 2009). The primary benefit of using
the Monte Carlo method in projects is that this technique is quite powerful in quantifying and understanding the effects
of uncertainties in projects. Ignoring uncertainties leads to deviations from targets in both the project schedule and
budget. According to Williams (2003), cited by Kwak and Ingall (2009), although there are many approaches to project
scheduling, the main problem with these analytical approaches stems from their inability to be used in practical
situations due to their restrictive assumptions. These analytical methods can only provide specific moments related to
project durations, instead of the distribution of project durations, which is useful in determining the confidence level
regarding project completion time. In particular, the standard PERT method ignores path connections in the calculation
of project networks. This causes the project duration to appear shorter than it is. The Monte Carlo method, on the other
hand, evaluates such situations with hundreds or thousands of cycles (Kwak and Ingall 2009). The Monte Carlo
method relies on the shape of the distribution to achieve greater accuracy. Additionally, the Monte Carlo approach
offers flexibility in using various distributions such as beta, normal, triangular, and uniform for activity durations (Van
Slyke 1963).

4. Application
Figure 1 below shows the flowchart of the project. This flowchart provides a visual summary of how the work will
proceed.

- ) ) | Determination of the
Problem Description Literature Review > Methodology
h 4
CPMstudy |« Data Collection |« Review of Case
Studies

¥

Monte Carlo
Simulation

Interpretation of the
Results

PERT Study

¥

Figure 1. Flow Chart

The data used in the project was obtained from Turkish Aerospace Industries Inc. (TAI). The activities used in the
project, their durations, and their dependencies were prepared using past experiences and general aviation and aircraft
structure knowledge. The study includes the following main headings: Program Milestones, Program Deliverables,
Integrated Program Management, Systems Engineering and Integration, Software/Hardware, Air Vehicle Systems,
Airframe, Flight Control Systems, Avionics and Mission System, Propulsion Integration and Certification Activities.
Lower-level activities are located under these main headings.

4.1 Critical Path Method (CPM)
This section presents an application to examine the impact of uncertainties arising in operational timelines of aircraft
development projects on project completion time. The application involved creating a project network and performing
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analysis using the CPM method. Subsequent stages will involve analysis using the PERT method, and Monte Carlo
simulation will be used to more realistically assess the impact of uncertainties on project duration (Figure 2).

Task

Mode v TaskName ~ Predecessors »  Successors v Start v Finish + Duration v FreeSlack » Total Slack v
. | | | | | |
=] 4 Test and Evaluation Phase Wed 6.08.25 Thu29.10.26  4S0days  95days  95days

=] 4 Ground Test Wed 6.08.25 Sat 2.05.26 270days  Odays 0days

L] 4 1st Prototype Aircraft Wed 6.08.25 Fri2.01.26 150days  120days 120 days

] Ground Test 138;50FF 209;57 Wed 6.08.25 Mon 3.11.25 90 days 0days 120 days

L] Ground Vibration Test 56 209,62 Tue 4.11.25 Fri2.01.26 60 days 0days 120 days

L] 4 2nd Prototype Aircraft Thu4.12.25 Sat 2.05.26 150days  Odays 0days

N 0000 [ 1 [ 1 [ ]
- ' | | | | |

Figure 2. Identification of critical activities using MS Project

A total of 214 activities were examined in the project. The CPM analysis revealed that 70 activities were critical.
Based on this analysis, the project duration was found to be 2955 days, with an anticipated completion date of February
2, 2028. The production, integration management, requirements management, aircraft manufacturing and assembly
phases (1st and 2nd aircraft), software/hardware phase, and certification phases (Phase 3 and Phase 4) were identified
as being on the critical path.

As shown in Figure 3, when the free and total slack of the Ground Test and Ground Vibration Test were calculated, it
was found that the total slack, and therefore the free slack, was 0. Because the total slack of these two activities is 0,
delays in these activities cause delays in the total project duration. Therefore, ground test and ground vibration test
are critical activities.

Task
@ Mode ~ | TaskName v Predecessors v Successors v Start ~ | Finish + Duration | FreeSlack | Total Slack +

70 =] Program Management Plan 88FF 4 Tue 31.03.20 Tue 31.03.20 1day 1day 166 days

7 L] Program Risk Management Plan 92FF 4 Fri 31.01.20 Fri 31.01.20 1day 61 days 226 days

72 =] Program Acquisition Plan 96FF a Fri 31.01.20 Fri 31.01.20 1day 61 days 226 days

73 =] Systems Engineering Management Plan 101 4 Wed 1.04.20 Wed 1.04.20 1day |0 days |165 days

Figure 3. Slack evaluation of systems engineering activities in MS Project

Looking at the System Engineering Management Plan activity, as illustrated in Figure 4, the total slack is found to be
165 days. This indicates that a delay of 165 days in this activity would not cause a delay in the project completion
time. However, when looking at the free slack of the activity, it is seen to be 0. This shows that a delay in the System
Engineering Management Plan activity would also cause a delay in the subsequent Project Management Review
activity.

Task

® Mode ~ TaskName ~ | Predecessors v | Successors - Start ~ Finish ~ Duration v FreeSlack v Total Slack
70 = Program Management Plan 88FF 4 Tue 31.03.20 Tue31.03.20  1day 1day 166 days
7 ‘ =] Program Risk Management Plan 92FF 4 Fri 31.01.20 Fri 31.01.20 1day 61days 226 days
7 = Program Acquisition Plan 96FF n Fri 31.01.20 Fri 31.01.20 1day 6ldays  226days
=] Systems Engineering Management Plan 101 4 Wed 1.04.20 Wed 1.04.20 1day 0days 165 days
74 L] Software/Hardware Management Plan 153 6 Wed 8.09.21 Wed 8.09.21 1day 30days  30days
e =
g
T = Air Vehicle Requirements Document 106 6 Fri 25.06.21 Fri 25.06.21 1day 105days 105 days
E
87 ri‘444IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIl
el
78 = Configuration Management Plan 102 4 Wed 1.04.20 Wed 1.04.20 1day 0days 165 days
79 = Safety Program Plan 123 4 Wed 1.04.20 Wed 1.04.20 1day 0days 165 days
8 = Environmental Program Plan 132 6 Mon 12.04.21 Mon12.04.21  1day 179days 179 days

Figure 4. Schedule flexibility analysis for non-critical activities
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As shown in Figure 4, looking at the Program Risk Management Plan activity, the total slack value is 226 days, and
the free slack value is 61 days. A delay of up to 226 days in this activity does not affect the total project completion
time. However, a delay exceeding 61 days (e.g., 62 days) will cause a delay in the early start of the subsequent activity.
For example, since the Environmental Program Plan activity has both a free and total slack of 179 days, a delay
exceeding 179 days will cause delays in both the early start of the subsequent activities and the total project completion
time.

4.2 Program Evaluation and Review Technique (PERT)

Unlike CPM, instead of using a single deterministic duration, this method calculates the expected time using the
coefficients a (1), m (4), and b (1) to increase the confidence level. Based on the data obtained from the company and
these coefficients, a Python script was developed and executed to generate the project schedule. The expected
completion time was found to be 3071 days, with a variance of 2960.8887. As a result of the study, the total number
of critical activities, which was identified as 70 in the CPM analysis, was determined to be 45 in the PERT analysis.

Table 1. PERT Results Table

Activity Predecessors Successors ODP:::::‘::: Ml‘;::r:t‘il::y P:;::::'i:t: ﬁf:::::: Total Slack Start Date Finish Date

2nd Air Vehicle's Aircraft Systems Test 51 59 30 30 61 35,16666667 0 31.12.2025 4.02.2026
Test and Evaluation Phase 450 450 495 475 0 28.09.2025 16.01.2027
Ground Test 270 270 297 288 0 28.09.2025 13.07.2026

1st Prototype Aircraft 150 150 165 162 0 28.09.2025 10.03.2026

Ground Test 138,50FF 209,57 90 90 121 95,16666667 125,83 28.09.2025 1.01.2026

Ground Vibration Test 56 209,62 60 60 105 67,5 125,83 1.01.2026 10.03.2026

2nd Prototype Aircraft 150 150 165 159 0 4.02.2026 13.07.2026

Ground Test 138,52 209.6 90 90 121 95,16666667 0 4.02.2026 11.05.2026

Ground Vibration Test 59 209,63 60 60 83 63,83333333 0 11.05.2026 13.07.2026

In the CPM analysis, the total slack value for the Ground Test and Ground Vibration Test activities was found to be
120 days, whereas this value shifted to 125.83 days in the PERT analysis, as illustrated in Table 1. These two activities
do not lie on the critical path. The reason for this variance is that while CPM is deterministic, PERT is stochastic and
incorporates pessimistic durations, thereby extending the critical path of the project.

Table 2. PERT Results Table

Activity Predecessors | Successors 01‘)’1':‘:::: M]‘;’:rll‘::l:y P;‘:‘{Z'i’:r g;‘::::: Total Slack StartDate | Finish Date

Systems Engineering M Plan 101 4 1 1 P 1,166666667 1915 2.04.2020 3.04.2020
Software/Hardware N Plan 153 6 1 1 2 1,166666667 30,5 12.10.2021 13.10.2021
Technology M: and Integration Plan 103 5 1 1 2 1,166666667 23,83 2.10.2020 3.10.2020
Air Vehicle Requirements Document 106 6 1 1 2 1,166666667 110,5 24.07.2021 25.07.2021
Air Vehicle Design Description 120 7 1 1 2 1,166666667 33 29.08.2022 31.08.2022
Configuration M Plan 102 4 1 1 2 1,166666667 191,5 2.04.2020 3.04.2020
Safety Program Plan 123 4 1 1 2 1,166666667 191,5 2.04.2020 3.04.2020

In the CPM analysis, the total slack values for the Technology Management and Integration Plan and Airvehicle
Design Description activities were found to be 0, whereas in the PERT analysis, these values changed to 23.83 and
5.5, respectively (Table 2). Consequently, these activities ceased to be critical activities in the PERT analysis.
In the CPM analysis, the expected completion time of the project was determined to be 2955 days. As shown below,
when this scenario was evaluated using the normal distribution approach of PERT, referencing the calculated Z-value
in the standard normal table revealed that the probability of completing the project within 2955 days is 1.26%.

T z=2220 - 92362~ 2,24
I V2960,8887

4.3 Monte Carlo Simulation

In this section, based on an evaluation of the activities obtained from the company at the work package level, four
different distribution models (normal, uniform, triangular, and lognormal) were utilized to represent the uncertainty
in activity durations and risk impacts, depending on data availability and the level of information detail. Using these
four specified distributions, a Python script was developed for the Monte Carlo Simulation, and 20 runs of 10,000
iterations each were executed. Additionally, the criticality index of each activity was calculated, and the generated
graphs were interpreted. As stated by Hajdu (2013), activity duration distributions and their parameters in project
networks can be flexibly defined at any desired level of the Work Breakdown Structure (WBS). This structure allows
for the selection of different distribution models directly on a work package basis, and the determined distribution can
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also be applied to sub-tasks. The triangular distribution is applied by defining three parameters—optimistic (O), most
likely (M), and pessimistic (P) durations—only in cases where expert estimates are available. This distribution is
suitable for situations with limited empirical data, which are frequently encountered in aerospace projects (Avief et
al. 2026). In the project schedule, the Triangular Distribution was utilized for activities that have differing optimistic,
most likely, and pessimistic duration estimates, and for which limited information is available. The lognormal
distribution is a continuous and asymmetrical distribution frequently used to model activity or task durations. It is
predominantly used for non-standard, complex tasks where employees are inexperienced. Especially when things go
wrong, time overruns typically occur in these tasks (Visser 2016). In the project schedule, the Lognormal Distribution
was used specifically for activities where the company lacks experience and where any prolongation would directly
impact the overall project completion time. Hajdu and Bokor (2014) state that the uniform distribution is based on the
optimistic (a) and pessimistic (b) extreme values when modeling activity durations. Accordingly, for certain activities
in the project schedule where historical data is limited, the optimistic, most likely, and pessimistic duration estimates
were considered equal (a =m =b) in terms of likelihood. In these cases, the Uniform Distribution was preferred under
the assumption that every duration within the estimated range has an equal probability of occurrence. The Normal
Distribution is one of the most frequently utilized models for representing statistical uncertainty in project management
due to its symmetrical structure and its ability to represent central tendency data. It is particularly ideal for scenarios
where historical data is abundant, activity durations cluster around an average value rather than extreme values, and
the central limit theorem is applicable (Shtub et al. 2005). In the project schedule, the Normal Distribution was chosen
for activities where the company is highly experienced.

Using the parameters of the four aforementioned distributions, 20 runs of 10,000 iterations each were executed. The
optimistic, average, and pessimistic duration estimates for these 20 runs are presented in Table 3.

Table 3. Duration Estimates for 20 Runs

Runs | Optimistic | Most Likely | Pessimistic
1 3024 3142 3315
2 3031 3142 3327
3 3017 3142 3323
4 3022 3141 3325
5 3028 3142 3312
6 3020 3142 3326
7 3020 3142 3310
8 3030 3142 3316
9 3021 3142 3315
10 3036 3142 3365
11 3035 3142 3316
12 3022 3143 3305
13 3038 3141 3332
14 3026 3141 3313
15 3033 3141 3298
16 3027 3142 3332
17 3038 3141 3333
18 3038 3142 3320
19 3026 3141 3311
20 3039 3142 3343

Based on the results of the 20 runs as shown in Table 3, the project completion times were found to be within the
following ranges:

e The most optimistic project completion: 3017 — 3039 days,

e The average project completion: 3141 — 3143 days,

e  The most pessimistic project completion: 3298 — 3365 days.
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The Criticality Index (CI) is defined as the proportion of simulation runs in which activities appear on the critical path
(Osgood 2004). Among the 20 runs, for the worst-case scenario having an average duration of 3143 days, the criticality
index for each activity was determined as follows:

I (Number of runs in which activities appear on the critical path

Total number of runs ) *100

Activity- Based Criticality Index

£ g
i H
H E
& &

g

Activity

Figure 5. Activity-Based Criticality Index Histogram

According to the histogram as illustrated in Figure 5, the criticality index of the Final Acceptance and Project
Completion (Except Certification) activities was found to be 100% across the 10,000 iterations. The criticality index
for the Detail Tooling Complete, Subassembly Tooling Complete, and 15 associated activities was determined to be
90.01%. Conversely, the Ground Test, 1st Prototype Aircraft, and 111 accompanying activities were found to have a
criticality index of 0. Based on these findings, it was determined that the Final Acceptance and Project Completion
activities lie on the critical path, whereas the 113 activities with a criticality index of 0 do not.
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Figure 6. Project Completion Time Distribution
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Figure 6 presents the histogram of the estimates generated over 10,000 iterations for the worst-case scenario. Across
these 10,000 iterations, the expected average project completion time is 3143 days.
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Figure 7. Input Analyzer View of the Distribution Curve Figure 8. Square Errors for Each Distribution

Using the Arena Input Analyzer on the project data, the square errors for each distribution were obtained, as presented
in Figure 8. A comparison of these results indicates that the best fit belongs to the Erlang distribution (Figure 7).
However, since the p-value for the Erlang distribution is less than 0.005 (p < 0.005), the hypothesis that the curve fits
this distribution could not be validated. Therefore, it can be concluded that the distribution curve exhibits a slightly
right-skewed structure. Scenarios indicating the probability of the project taking significantly longer than expected
(between 3250 and 3300 days) are spread over a broader range compared to the probabilities of early completion. An
analysis of the frequency densities reveals that while the project is most likely to be completed between 3120 and
3150 days, the potential for a delayed completion is greater than the potential for an early completion.

Cumulative Completion Probability (Risk Profile)

100 - e
r ,095% Probability

/ (3206 Days)
80 #30% Prabability

(3171 Days)

#50% Probability
(3139 Days)

Completion Probability (%)

3050 3100 3150 3200 3250 3300 3350
Completion Duration (Days)

Figure 9. Cumulative Completion Probability (Risk Profile)

The graph presented in Figure 9 illustrates the cumulative completion probabilities of the project. Based on the data
obtained from 10,000 iterations, the probability of completing the project within 3139 days is 50%, within 3171 days
is 80%, and within 3206 days is 95%. Rather than relying on deterministic estimates, this risk profile enables the
project manager to make informed decisions by evaluating the cost/time trade-off. In a scenario with exceedingly high
delay penalties, the target should be set at 3206 days, whereas a duration of 3171 days could be targeted under a more
flexible contract. Furthermore, when the expected project completion time derived from the traditional PERT analysis
(3071 days) is evaluated against the Monte Carlo cumulative probability graph in Figure 9, it is observed that the
probability of project completion within this timeframe is less than 5%. It was determined that the PERT method
yields an overly optimistic duration estimate due to its deterministic nature. In contrast, by accounting for all project
uncertainties and right-skewed risk distributions, the Monte Carlo simulation generates a much more realistic and
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reliable timeframe, such as 3139 days for a 50% probability. This finding demonstrates the necessity of utilizing
simulation-based probabilistic approaches rather than single-point PERT estimates in risky and complex projects.

S. Conclusion

In this study, the scheduling process of an aircraft design and development project, conducted in collaboration with
Turkish Aerospace Industries (TUSAS), was comparatively analyzed using the CPM, PERT, and Monte Carlo
simulation methods. While the CPM analysis predicted a project completion time of 2955 days, the PERT method
calculated this duration as 3071 days. However, the Monte Carlo simulation revealed that, under the worst-case
scenario, the project would be completed in an average of 3143 days. It was determined that the probability of
completing the project within the 2955-day timeframe predicted by CPM is a mere 1.26%. Similarly, even the
probability of achieving the PERT estimate (3071 days) was found to remain below 5% within the Monte Carlo risk
profile. Rather than merely identifying a single "critical path," the simulation outputs numerically demonstrated which
activities carry a higher risk of causing project delays through the Criticality Index. Specifically, the "Final
Acceptance" and "Project Completion" activities were verified as critical across all scenarios.

As a limitation, this study focused exclusively on the time dimension; future research could integrate "Cost and
Schedule Risk Analysis" models to evaluate the budgetary impacts of activity delays. Furthermore, incorporating
resource constraints (e.g., manpower, equipment) and real-world factors like weekends and specific working hours
into the Python scripts would yield even more realistic simulations.

By replacing the deterministic limitations of traditional CPM with a stochastic approach utilizing various statistical
distributions, the 10,000-iteration Monte Carlo simulation provides decision-makers with an innovative early warning
and strategic planning infrastructure. This proactive model actively supports economic and operational sustainability
in high-budget aerospace and defense projects. Accurate planning of concurrent tasks minimizes process wastes—
such as rework or faulty prototype production—and prevents potential cost overruns. Consequently, it ensures the
efficient use of resources and the long-term predictability of corporate processes.

Ultimately, this research serves as a concrete example of university-industry collaboration by effectively managing
schedule uncertainties in complex aircraft development projects. Integrating such academic models into the defense
industry not only enhances the likelihood of timely project delivery but also directly drives sectoral innovation.
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