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Abstract. Despite the simple and extensively used programevaluation and review
technique (PERT), a projectmanagement tool for estimating project duration poses
many limitations. PERT only considers the overly estimated critical path as the
lifeline of the project and neglects the variance of other paths, which later affect
the project’s timely completion. This paper uses a simulation-based approach to
illustrate that a project network contains multiple critical paths that depend upon
the network’s variability. A real construction project scenario augmented with five
different cases. The outcome shows many instances of other critical paths along
with the dominant critical path in simulation.
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1 Introduction

Unlike the manufacturing industry, the construction industry suffers project delays evi-
dent in literature [1]. In India, as per the report published by theMinistry of Statistics and
Programme Implementation [2] on 343 construction projects valuing more than $135
million, cost overruns are averaged around 12.49%, along with time overrun ranging
from 1 month to 61 months [3]. Similarly, for those 1701 construction projects valued
at more than $20 million, the cost overrun is about 19% and an average time over-
run of around 39 months [2]. This suggests the need to better understand bottlenecks
and lacuna in the current construction project planning and control approaches. Robust
planning facilitates better execution and helps stakeholders to achieve timely project
completion.

The critical path method (CPM) and the program evaluation and review technique
(PERT) are commonly used for planning andmonitoring construction projects for the last
few decades. The CPM approach is used when the duration of activities is deterministic,
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while PERT tackles variability in activity durations during project planning. Despite
both methods focuses on the critical path and its continuous monitoring, but timely
completion of projects continues to be an enigma. Thus, the impact of variability in the
activity durations on the critical path needs to be researched further.

Published research has highlighted multiple drawbacks of the PERT and suggested
certain improvements to increase its planning efficiency. Still, all that research follows the
notion of a single critical path (mostly using the expected activity duration estimate) as
the critical element of the project network. This work presents an empirical simulation-
based study that indicates the influence of variability in the activity durations vis-a-
vis the notion of a single critical path. Variability in activity durations is modelled
using appropriate probability distributions. Random variates of the activity durations
are sampled using the probability distributions to achieve large number of multiple
instantiations of the project network. These instances are solved to identify the critical
path and estimate the existence of other critical paths and their relation to the expected
critical path. We found that there are potentially many instances when the other paths
becomecriticalwith respect to the expected critical path.Hence, focusing on the expected
critical path while ignoring the dominance of other possible critical paths could hinder
the timely completion of the project.

2 Modifications to PERT

PERT, which is considered as robust project planning and control method, fails to prove
in construction projects as most projects struggle to achieve timely completion. Far-
num & Stanton, 1987 [4] questioned the efficacy of PERT, especially for activity times
following beta distribution. Golenko-Ginzburg suggested a correction factor for calcu-
lating the mean and variance of each activity [5, 6]. Simulation studies by Badiru [7, 8]
demonstrated that the beta distribution is not always effective.

Researchers mainly used three approaches viz., (i) modifying the probability distri-
bution function (PDF), (ii) stochastic simulation, and (iii) using optimization algorithms
to enhance PERT results. Mohan et al. proposed using lognormal distribution instead
of beta distribution that required only two inputs viz., (i) most likely times with (ii)
either optimistic or pessimistic times, which works better in many cases [9]. Similarly,
Hajdu and Bokor (2014) conducted another simulation study used uniform and trian-
gular distributions and compared with the efficiency of beta distribution [10, 11]. They
showed that even ±10% deviations can cause significant difference for a large project.
Similarly, other researches using compound Poisson [12],Weibull [13], Beta rectangular
[14], tilted beta [15], compared with beta distribution to explain its shortcoming.

Most research [16] continue to focus on the three PERT time estimates of activities
along with the expected time estimates. Also, most work focus on the conventional
critical path obtained using expected times for project management, which fails to ensure
timely project completion in most cases. Typically, PERT only focus on variance of the
critical path and ignores variance of all other paths, thereby resulting in an unrealistic
estimate of probability of completion. For example, if the expected mean of the critical
path is equal to theX, the probability of completion of any project at is 50% (Refer Eq. 1).
In this research, we propose a simulation-based approach that empirically illustrates that
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even with a small amount of variability introduced in the project activity times, multiple
paths can become critical. Then, many random instances of the project network are
simulated to estimate the share of dominance of such critical paths.

Z = X − μ

σ
(1)

where Z is the standard normal variate, μ is the mean, and σ is the standard deviation of
the critical path.

3 Research Methodology

The research methodology flowchart is shown in Fig. 1. To illustrate the hypothesis, we
used an example problem from (Pinedo, 2000) as shown in Fig. 2, where activity dura-
tions are taken in days. The project network has 14 activities with a balanced precedence
relationship. The activity time estimates used in the example problem was scaled to 10
times so that realistic construction project timelines can be mimicked. After scaling up
the deterministic time (t) of the activities, variability is introduced by using five different
uniform distributions, viz., (i) UNIF± 10% (V1), (ii)± 20% (V2), (iii)± 30% (V3), (iv)
± 40% (V4), and (v)± 50% (V5) which is the range of tmin and tmax, as shown in Table
1. Then, for each variability instance, random project durations are sampled to achieve
10,000 random instances of the project network, for the same precedence constraints.
Each instance is solved to identify the critical path and associated maximum completion
time (Cmax). Finally, the dominance of each critical path is quantified by estimating the
proportion of times within the 10,000 simulation instances the particular path became
the critical path.

Project Network with deterministic time

Incorporating variabilities to the network

Sampling 10000 probabilistic time

Cmax

Most
dominant
critical path

Other critical
path(s)

Solve using PERT approach

Change in
critical path
and Cmax

Fig. 1. Proposed research methodology

Now using these three-point estimates, the expected time (x), and standard deviation
(σx) for each activity is calculated to find the maximum completion time of critical path
(Cmax) of the network using PERT approach. The path duration, path variance is also
calculated for each path. With the increase in variability, it was observed that other paths
also started to become critical in addition to the dominant critical path. A MATLAB
code is developed for simulating the 10,000 random instances of the project network for
each variability setting.
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Fig. 2. Project network used in the study

Table 1. Variability incorporation in deterministic time using the uniform distribution

A t 10t V1 V2 V3 V4 V5

±10% ±20% ±30% ±40% ±50%

1 5 50 45 55 40 60 35 65 30 70 25 75

2 6 60 54 66 48 72 42 78 36 84 30 90

3 9 90 81 99 72 108 63 117 54 126 45 135

4 12 120 108 132 96 144 84 156 72 168 60 180

5 7 70 63 77 56 84 49 91 42 98 35 105

6 12 120 108 132 96 144 84 156 72 168 60 180

7 10 100 90 110 80 120 70 130 60 140 50 150

8 6 60 54 66 48 72 42 78 36 84 30 90

9 10 100 90 110 80 120 70 130 60 140 50 150

10 9 90 81 99 72 108 63 117 54 126 45 135

11 7 70 63 77 56 84 49 91 42 98 35 105

12 8 80 72 88 64 96 56 104 48 112 40 120

13 7 70 63 77 56 84 49 91 42 98 35 105

14 5 50 45 55 40 60 35 65 30 70 25 75

4 Result and Discussion

The five cases of variability of the same network, V1, V2…. V5, were used to test the
proposed hypothesis. All possible nine paths of the project network are enumerated in
Table 2. The precedence is kept constant throughout the experiment, which helps to
analyse the effect of variability in project completion and critical path.

The study clearly indicates that the project network can have different critical paths,
depending upon the sampled activity durations, which are in turn influenced by the
variance associated with the duration of activities. Figure 3 compares the critical paths
and their frequencies observed throughout the simulations. The horizontal axis of each
graphhas the nine possible paths, and the vertical axis indicates the number of simulations
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out of 10,000 the specific path became critical path. Even when a small amount of
variability of 10% in activity times (V1) is introduced to the project network; two more
paths (P1 and P9) in addition to P5 in the project network shows up critical 18.56% and
0.44% of time respectively, as illustrated in Fig. 3a.

Table 2. Shows the path in the project network.

S.No. Paths in the network Path name

1 1-2-4-7-10-12-14 P1

2 1-3-5-8-11-12-14 P2

3 1-3-6-8-11-12-14 P3

4 1-3-5-9-11-12-14 P4

5 1-3-6-9-11-12-14 P5

6 1-3-5-8-11-13-14 P6

7 1-3-6-8-11-13-14 P7

8 1-3-5-9-11-13-14 P8

9 1-3-6-9-11-13-14 P9

Considering all sub-figures in Fig. 3, P5 is the dominant critical path by around 81%
and 58.63% for low variability instances, i.e., at 10% (V1) and 20% (V2) respectively.
Also, two more paths, viz., P1, and P9 were also critical paths for the remaining pro-
portions with P1 being more dominant among the two paths. The notable decrease in
the dominance of the critical path P5 was observed when variabilities V2 and V3 are
introduced, which is usual in the construction business. At the same time, the P1 and
P9 frequencies increased significantly as shown in Fig. 3b and Fig. 3c. The frequencies
of P1 and P5 become almost similar at 39% when the network is simulated with 40%
variability (V4) as illustrated in Fig. 3d. Also, P3, P7, and P8 also became critical paths
along with P1, P5, and P9 in a few simulated instances. The frequencies of P3, P7, and
P8 further increased by 1.02%, 0.43%, and 0.38% respectively with 50% variability
introduced in activity durations (V5) and the most dominant critical path switched from
P5 to P1 (Fig. 3e). These simulation results indicate that when the construction project
activities have higher variability in their associated activity durations, the expected crit-
ical path may not be the ideal baseline for project scheduling. Since the critical path(s)
are heavily dependent on the activity duration, the path may get changed during the
execution as activity times changes due to various unforeseen reasons; considering only
one critical path as the baseline for project planning reduces the robustness of the app-
roach. This indicates the need of a more robust baseline for project planning that also
incorporates the probability of completion concept.
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Fig. 3. Changes in the critical path when subjected to different variability

5 Conclusion

This study aimed to address the lacuna associated with the notion of a single critical
path approach based on the expected time values in PERT, which is traditionally used for
planning and control of construction projects. Through the literature review, rationale
and supportive evidence were provided on the PERT’s significant weakness and demon-
strate the applicability of the present approach on project networks using an empirical
simulation study. The variability in the activity durations can significantly influence the
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dominance of critical paths in a project network is demonstrated through simulation
experiments. In the case of the dominant critical path and other critical paths, the PERT
only accounts for variability of the critical path but neglect the variance of the other
paths, which may get critical if variability increases due to improper monitoring and
resources allocation. Finally, the approach numerically evaluated 10,000 instances of all
five cases of variability to show its efficacy in scenarios like scheduled networks of real
construction projects. The results indicate that with a slight to moderate increase in the
variability in the activity durations of the network, the concept of dominant critical path
based on expected activity duration becomes invalid.
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