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Abstract: The increasing number of construction projects together with the limited resources of
organizations led to tough competition for achieving project goals. Time, cost, and quality have been
known as the project iron triangle. Project managers attempt to allocate the appropriate resources
and make the best decisions for accomplishing projects with the shortest durations, lowest costs, and
the highest quality. No study has examined the time–cost–quality trade-off problem with decision-
making approaches. In this study, the fuzzy multi-criteria decision-making (MCDM) methods are
exploited to choose the best mode for performing each activity. For this purpose, the SWARA method
is applied to determine the importance weights of time, cost, and quality. In addition, the TOPSIS
(Technique for the Order Preference by Similarity to Ideal Solution) technique is used to rank and
select the best activity execution modes. The proposed model is implemented on two medium- and
large-size construction projects to evaluate its efficiency. Several execution modes with fuzzy duration,
cost, and quality are considered for each project activity. Finally, sensitivity analysis is conducted
taking three different conditions into account: the shortest duration of the execution modes, the
lowest cost of the execution modes, and the highest quality of execution modes for each activity. The
solution of each trade-off is compared with the solution obtained from the fuzzy SWARA–TOPSIS
method. The schedule is developed according to the best execution mode for each project activity.
The obtained results in two different construction projects show significant improvements in the
overall project objectives so that the projects can be completed in fewer durations and costs along
with higher quality. Because of the higher importance of cost, the cost of each activity is closer to the
lowest cost. The activity duration is also closer to the most likely duration, and quality is closer to
the high-quality level. The application of this approach can create new opportunities for research
and knowledge development in the field of construction project scheduling.

Keywords: project schedule management; time–cost–quality trade-off; MCDM; fuzzy SWARA; fuzzy
TOPSIS; construction industry

1. Introduction

Timely implementation of project activities requires an effective and integrated project
schedule, in which the start time of activities are accurately determined. In the late 1950s,
the critical path method was introduced as a useful tool for scheduling project activities.
Calculations of this method assume that all activities can be performed at their expected
and usual durations. But, in some instances, the project may need to be completed even
earlier than planned. To complete a project earlier, the durations of some activities should
be reduced which is associated with the cost increase.

Reducing the duration of critical activities leads to the reduction of project makespan,
provided the type of relationships between activities is finish-to-start, and is it not nec-
essarily true for the other types of precedence relationships. The use of more advanced
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equipment and machinery or more human resources can be an appropriate way for reduc-
ing project duration, however, project costs will increase. Therefore, project planners seek
to find a way to complete the projects on time and at the predetermined cost.

Accurate decision-making regarding time and cost and the balance between them
has become a significant challenge for project managers in the construction industry. For
this reason, time-cost trade-off problems (TCTP) have been considered by scholars and
researchers. The goal of these problems is to choose the best modes for performing project
activities so that the project makespan and cost are minimized [1,2].

Since the 1990s, researchers have gradually concluded that it is unreasonable to carry
out a project within the predefined time and at the lowest cost, regardless of the quality
of the project work. Hence, the problem of the time, cost, and quality trade-off has been
received increasing attention. Babu and Suresh conducted the first study on this topic in
1996 [3]. Subsequently, other studies have investigated the time–cost–quality trade-off
problem in construction projects [4–8].

In general, projects are formed to meet a set of needs, and the goal of project managers
and practitioners is to appropriately direct and control the project to achieve predetermined
goals. Different goals and objectives are often considered for construction projects for a
variety of reasons. One of the most important goals of project scheduling is to select
the best execution modes for activities taking the three substantial goals of time and
cost minimization, and quality maximization into consideration for the entire project.
Each project comprises a set of activities to be executed within the shortest duration and
lowest cost along with the highest quality. Therefore, the best execution mode should
be identified for each activity to achieve these goals. It is assumed that each project
activity can be executed in various modes, each of which has a different time, cost, and
quality. Hence, the current research exploits the MCDM methods to pick up the most
ideal mode for executing each project activity. These decision-making models are classified
into two categories: the multi-objective decision-making (MODM) and multi-attribute
decision making (MADM). Multi-attribute decision-making methods are used to analyze
and prioritize the alternatives [9]. Since the purpose of this study is to choose the best
possible mode for executing each activity, multi-attribute methods are applied. In addition,
there are several criteria or indicators that the decision-makers must carefully consider in
prioritizing and selecting the alternatives. There are several methods to weigh criteria and
ultimately rank alternatives in decision-making problems. SWARA and TOPSIS methods
have been extensively used in project planning for weighting criteria [10,11] and ranking
alternatives [12]. Although previous studies have used the MCDM methods in various
fields of science and engineering, no study has applied the integration of SWARA and
TOPSIS methods to the field of project scheduling. In this paper, the weights of project
objectives are first evaluated with the SWARA method. Then, several execution modes
for performing each project activity are ranked using the TOPSIS technique. Fuzzy data
are used to consider the uncertain conditions of the real-world construction project. The
contributions of the current study can be described as follows:

(1) A combination of the multi-criteria decision-making methods is presented to solve
the multi-objective multi-mode resource-constrained project scheduling problems.

(2) The weights of project objectives are evaluated by using the fuzzy-SWARA method
for the first time in project schedule management.

(3) The best execution mode of each activity with the highest rank is selected by using
the fuzzy TOPSIS technique in the project scheduling problem.

(4) Sensitivity analysis is conducted taking three different conditions into account: the
shortest duration of the execution modes, the lowest cost of the execution modes, and
the highest quality of execution modes for each activity. The solution of each trade-off
is compared with the solution obtained from the fuzzy SWARA–TOPSIS method.
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2. Literature Review

This section is divided into two parts. The first part reviews the relevant studies on
project scheduling. In the second part, the application of multi-criteria decision-making to
the field of project management is discussed.

2.1. Project Scheduling

Project scheduling and the allocation of limited resources to activities is one of the
most important topics related to the field of project management. Koulinas et al. [13]
proposed a simulation-based method for determining risks of schedule delay. In addition,
Abdellatif and Alshibani [14] specified the main causes of project delays in Saudi Arabia.
In project scheduling problems, due to the high importance of balancing objectives such
as time, cost, and quality, the problem of balancing time and cost was investigated by
Kelly (1961) and Fulkerson (1961). Later, further studies were conducted on this topic
such as Moselhi [15]. Given the current market conditions, enhancing productivity and
quality is critical for establishing a long-term viable construction sector that is capable of
capitalizing on worldwide opportunities regarding governing the life cycle of buildings
and civil projects. The construction industry benefits society in ways other than profit,
health, and wellbeing. It has significant effects on community services while enhancing
individuals’ quality of life and safety [16]. Manzoor et al. [16] considered the sustainable
development of the construction industry in Malaysia and examined the effects of resources
used in construction projects on project objectives. Harirchian and Lahmer [17] showed
that the resources used in the project affect the resilience and safety and other goals of the
project such as time and cost.

The solution approaches to the time and cost balancing problems as NP-Hard problems
are divided into three groups: exact, heuristic, and metaheuristic methods.

Liu et al. [18] solved the time–cost trade-off problem in construction projects by linear
programming method. Demeulemeester et al. [19] introduced a branch-and-bound (B&B)
method for this problem and solved small and medium-sized instances. Vanhoucke [20]
also presented a B&B method for solving small-sized problems. Afshar et al. [1] utilized a
multi-colony ant algorithm to tackle the time–cost multi-objective optimization problem.

Over the last decades, other factors such as quality have been considered in project
scheduling optimization problems. Changes in the duration and cost of activities affect
their quality. Therefore, the time–cost–quality trade-off problems consider quality as one
of the project goals and tradeoff between quality and other project goals such as cost and
time, and their impact on the project schedule. The first study on the time–cost–quality
trade-off problem was conducted by Babu and Suresh [3]. Since then, this problem has been
examined by several researchers. The Precedence Diagramming Method (PDM) is the most
frequently used method for project scheduling due to its enhanced capabilities in showing
precedence relationships. Khang and Myint [4] applied the model proposed by Babu and
Suresh [3] to a real-world project in order to evaluate the practical implementation of the
method and also to identify the implementation issues of that method.

El-Rayes and Kandil [21] examined the discrete time, cost, and quality balance problem.
Tareghian and Taheri [22] applied the electromagnetic meta-heuristic algorithm to deal
with the time–cost–quality trade-off problem. Zhang and Xing [23] tackled the fuzzy time–
cost–quality trade-off problem with particle swarm optimization algorithm. Unlike other
studies that sought to maximize project quality, Kim et al. [5] studied the time and cost
trade-off problem considering cost incurred on the project due to the reduction of overall
project quality. Saif et al. [6] investigated the time, cost, and quality trade-off problem and
solved it with a metaheuristic algorithm.
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Moghadam et al. [8] exploited the particle optimization algorithm and colonial com-
petition algorithm to tackle this type of project scheduling problem. Therefore, different
methods were developed for optimizing the multi-objective problems.

2.2. MCDM Methods in Project Management

Exact, heuristic, and meta-heuristic methods have been used to solve the time–cost–
quality trade-off project scheduling problems. From past times, it can be seen that the
concept of decision making is essential for resolving daily life problems, which includes
different attributes and activities. Multiple decisions have been taken for the majority of
tasks or activities from various fields, like management, engineering, politics, environment,
business, and so forth, according to requirements and experience. There are many solutions
available to make a perfect decision, but it is not possible to guarantee which solution is
the best. Hence, it needs enormous knowledge, experience, time, money, power, and many
other things to make an optimal decision. Multi-Criteria Decision Making (MCDM) helps
to make the best decision among several choices available according to decision-makers in
every problem [24].

Despite the fact that we are facing a decision-making problem for choosing the best
possible mode for executing each project activity, the MCDM methods have not been used
in the project scheduling problems. In addition, the importance weight of each objective
from the contractors’ viewpoint has not been surveyed in this type of project scheduling
problem known as time–cost–quality trade-off. However, it should be noted that the
importance of each project goal and objective differs according to the characteristics and
stakeholders of the project.

The MCDM approaches have been broadly applied to project and portfolio manage-
ment. Chen et al. [25] exploited the TOPSIS method to optimize the project portfolio for
the investment of the oil firms. Ma et al. [26] also used the TOPSIS method for selecting
sustainable projects in uncertainty. Tavana et al. [27] proposed a two-stage dynamic opti-
mization approach together with the Fuzzy TOPSIS method for evaluating and selecting
the projects. Issa et al. [28] suggested TOPSIS and AHP methods for selecting the most
appropriate construction projects regarding customer requirements. Several researchers
used the TOPSIS method for project evaluation and selection problems [29,30].

Balali et al. [10] used the SWARA method to rank cost overruns in large hospital
construction projects. Other researchers exploited the SWARA method to assess investment
risks and select suppliers in construction projects [11,31].

Mota et al. [32] used multi-criteria decision-making approaches and VIKOR and
TOPSIS methods to rank the Pareto frontier solutions in the project scheduling problem.
They solved the time–cost–quality trade-off problem with the multi-objective simulated
annealing algorithm and obtained the Pareto set solutions. Then, by weighting the criteria,
they ranked the solutions with weighting the criteria. Table 1 summarizes the studies that
have been conducted so far.

As shown in Table 1, the MCDM methods have been broadly applied to other fields
such as project portfolio selection, however, in this study, the MCDM methods are utilized
in the time, cost, and quality trade-off problem for the first time.

Once the most ideal execution mode is distinguished for each activity, the project
schedule can be easily developed. In the current study, various execution modes are
examined for each activity and ranked using the fuzzy TOPSIS method. Finally, the
execution mode that has the lowest duration and cost together with the highest quality
is selected.
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Table 1. A brief review of related studies.
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Nguyen et al. [33] * * * * *
Abbasi et al. [34] * * * BSC

Banihashemi et al. [35] * * * * * *
Banihashemi &

Khalilzadeh [36] * * * * * * DEA

Karbassi Yazdi et al. [37] * * * BWM
Li et al. [12] * * * *

Liu et al. [38] * * * *
Ma et al. [26] * * *

RezaHoseini et al. [39] * * * * ANP
Tavana et al. [27] * * * *

Aouam & Vanhoucke [40] * * * *
Toloo & Mirbolouki [41] * * * DEA

Durmuşoğlu [42] * * *
Jafarzadeh et al. [43] * * DEA/QFD

Zolfani et al. [44] * * * COPRAS
Tavana et al. [45] * * * * *
Taylan et al. [46] * * * *
Chen & Tsai [47] * * * *

This study * * * * * * *

3. Materials and Methods

Any decision-making problem involves selecting the best alternative considering
different criteria. Fuzzy numbers can be used to deal with the uncertainty associated with
linguistic and verbal variables that lead to the fuzzy MCDM problem. The main objective
of this problem is to determine the relevant importance of each criterion, evaluate the
alternatives regarding the criteria, and find the best alternative.

Recently, fuzzy set theory has been widely applied to various fields such as engineering,
management, operations research, and artificial intelligence. Fuzzy set theory was first
introduced by Zadeh [48] to generalize the classic definition of a set. In classic set theory, if
a member belongs to a given set, its membership value is one, otherwise, zero. But, in fuzzy
set theory, the membership value can be expressed as a real number between 0 and 1: [0, 1].

Fuzzy numbers are usually represented by triangular fuzzy numbers (TFN), trape-
zoidal or Gaussian fuzzy numbers [49]. According to numerous definitions [50]. The
triangular fuzzy number Ã is represented as Ã = (l,m,u) where its membership function
x ∈ Ã , µÃ(x) : R→ [0, 1] is given by Equation (1) and shown in Figure 1:

µÃ (x) =


0 x < l

x−l
m−l l ≤ x ≤ m
u−x
u−m m ≤ x ≤ u

0 x > u

(1)

3.1. Fuzzy TOPSIS Method

The traditional TOPSIS method was originally presented by Hwang and Yoon [51],
This method has been widely used and modified by several researchers in numerous fields
to deal with different fuzzy numbers [52].
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X̃ =

 x̃11 · · · x̃1n
...

. . .
...

x̃m1 · · · x̃mn

 =


(

x̃l
11, x̃m

11, x̃u
11

)
· · ·

(
x̃l

1n, x̃m
1n, x̃u

1n

)
...

. . .
...(

x̃l
m1, x̃m

m1, x̃u
m1

)
· · ·

(
x̃l

mn, x̃m
mn, x̃u

mn

)
 (2)

X̃N =
[

x̃N
ij

]
, x̃N

ij =


x̃ij

maxi x̃u
ij

Positive Criteria
mini x̃l

ij
x̃ij

Negative Criteria
(3)

ṼN =
[
ṼN

ij

]
, ṼN

ij = x̃N
ij ∗ w̃j (4)

Ṽ+ =
(

Ṽ+
1 , Ṽ+

2 , . . . , Ṽ+
n

)
=
(

maxiṼN
i1 , maxiṼN

i2 , . . . , maxiṼN
in

)
Ṽ− =

(
Ṽ−1 , Ṽ−2 , . . . , Ṽ−n

)
=
(

miniṼN
i1 , miniṼN

i2 , . . . , miniṼN
in

) (5)

d+i = ∑n
j=1 dν

(
ṼN

ij , Ṽ+
j

)
, d−i = ∑n

j=1 dν

(
ṼN

ij , Ṽ−j
)

dν

(
Ã1, Ã2

)
=

√
1
3

[
(l1 − l2)

2 + (m1 −m2)
2 + (u1 − u2)

2
] (6)

Ci =
d−i

d+i + d−i
(7)

3.2. Fuzzy SWARA Method

The SWARA (Stepwise Weight Assessment Ratio Analysis) method was first intro-
duced by Kersuliene et al. [54], to estimate the criteria weights considering decision-makers’
preferences. The fuzzy SWARA method determines the importance weights of criteria
through the following process which is similar to the fuzzy TOPSIS method [55,56]:
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Step 1: Sorting the criteria in descending order in terms of their expected impor-
tance, i.e., the most important criterion is ranked first, and the least important criterion is
ranked last.

Step 2: Determining the relative importance of each criterion: each of k decision-
makers (experts) expresses the relative significance of criterion j in relation to the previous
criterion j-1 (for all given criteria) in order to determine the sj ratio which is called the
Comparative importance of average value [54]. The fuzzy comparison scale shown in
Table 2 is used. The summation of the mean values of experts’ opinions is obtained for
evaluating criteria, employing the minimum, arithmetic mean, and maximum values of
the corresponding scores (Equation (8)).

Table 2. The fuzzy comparison scale for the assessment of evaluation criteria [55].

Linguistic Variable Response Scale

Equally important (1, 1, 1)
Moderately less important (2/3, 1, 3/2)

Less important (2/5, 1/2, 2/3)
Very less important (2/7, 1/3, 2/5)

Much less important (2/9, 1/4, 2/7)

Step 3: Obtaining the coefficient (Equation (9)).
Step 4: Obtaining the fuzzy recalculated weights (Equation (10)).
Step 5: Calculating the ultimate relative fuzzy weight of each criterion j (Equation (11)).

s̃j =
(

s̃jl , s̃jm, s̃ju

)
= (mins̃jlk,

∑K
k=1 s̃jmk

K
, maxs̃juk) (8)

k̃ j =

{
1̃ j = 1
s̃j + 1̃ j > 1

(9)

q̃j =

 1̃ j = 1
x̃j−1

k̃j
j > 1 (10)

w̃j =
q̃j

∑n
k=1 q̃k

, w̃j =
(

w̃jl , w̃jm, w̃ju

)
(11)

The steps of the research methodology is displayed in Figure 2.
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4. Results and Discussion
4.1. Case Studies

In this section, the proposed approach was implemented on a subproject of a large-size
project comprising feasibility studies, design and engineering, construction and installation,
inspection, and commissioning of an oil and gas field development. The subproject is
presented due to the ease of calculations and the proposed method can be applied to the
entire project and other large-sized projects. This subproject includes 18 activities, each
of which can be executed in seven modes. This project can be performed in 718 different
combinations of activity execution modes. In this study, the best activity execution modes
of these numerous combinations are found by using the MCDM approach. Figure 3 shows
the activity network of the project.
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Given that each activity can be performed in seven execution modes, the amounts
of duration, cost, and quality corresponding with various activity execution modes are
represented in Appendix A. The activity duration and cost were estimated based on
pessimistic, most likely, and optimistic scenarios through historical documents and expert
judgment. The five-point Likert scale (very low, low, medium, high, and very high) was
used for the quality factor based on different combinations of duration and cost. Finally,
the execution modes of the activities are defined regarding the three main project goals
including cost, time, and quality.

The fuzzy SWARA method was employed to calculate the weights of project objectives
(criteria) including time, cost, and quality. Experts were asked to rank goals from highest
to lowest. The importance weight is obtained according to Table 2. The first criterion has
no relative importance and from the second criterion onwards, each criterion is weighed
against the previous criterion. Table 3 shows the opinions of experts for ranking time, cost
and quality objectives.

Table 3. Experts’ opinions using the SWARA method.

Expert Time to Cost Quality to Time

E1 1 1 1 0.4 0.5 0.667
E2 0.667 1 1.5 0.667 1 1.5
E3 0.4 0.5 0.667 1 1 1
E4 0.4 0.5 0.667 0.667 1.000 1.5
E5 1 1 1 0.4 0.5 0.667
E6 0.4 0.5 0.667 1 1 1.000

Then, the weight of each goal is obtained using the Equations (8)–(11). The final results
are shown in Table 4.
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Table 4. Criteria weights obtained using the SWARA method.

s̃j k̃j q̃j w̃j

Cost - - - 1 1 1 1 1 1 0.64 0.53 0.45
Time 1.5 0.75 0.40 2.50 1.75 1.40 0.714 0.571 0.4 0.32 0.30 0.26

Quality 1.5 0.83 0.40 2.50 1.83 1.40 0.51 0.311 0.16 0.23 0.17 0.10

After determining the weights of time, cost, and quality objectives shown in Table 4,
the executive modes of each activity were ordered and ranked using the fuzzy TOPSIS
technique. The results are shown in Appendix B.

According to Table 5, this project is implemented with a duration of 564 days, costs
of USD 289,872, and quality level of 0.760, obtained based on α = 1 through the alpha-cut
defuzzification method.

Table 5. Results of the project (project by 13 activities).

Time Cost ($) Quality
L M U L M U L M U

Total
Project 508 564 594 260,883 289,872 304,835 0.615 0.760 0.960

According to Appendix B and Table 6, each activity’s execution mode with the highest
rank was determined and selected for implementation. The total duration of the project
was calculated based on the critical path of the project (Figure 4), total project costs were
obtained from the sum of activity costs, and the quality of the project was computed based
on the geometric mean of the quality of each activity. The results are shown in Table 7.

Table 6. Results of fuzzy TOPSIS (project by 32 activities).

N Execution Modes
(First Rank) d+ d− C N Execution Modes

(First Rank) d+ d− C

1 M2 0.006938 0.031806 0.8209 17 M3 0.000458 0.027914 0.9839
2 M3 0.000501 0.023149 0.9788 18 M3 0.007049 0.041618 0.8552
3 M2 0.002115 0.033227 0.9402 19 M2 0.002676 0.019518 0.8794
4 M3 0.002658 0.022258 0.8933 20 M4 0.008447 0.032412 0.7933
5 M3 0.000492 0.030102 0.9839 21 M5 0.000869 0.012584 0.9354
6 M3 0.007039 0.034045 0.8287 22 M1 0.002408 0.015698 0.8670
7 M2 0.006581 0.032499 0.8316 23 M1 0.00118 0.012404 0.9132
8 M3 0.000463 0.027914 0.9837 24 M2 0.005123 0.010047 0.6623
9 M2 0.004299 0.030724 0.8772 25 M2 0.005123 0.010047 0.6623

10 M3 0.002931 0.022287 0.8838 26 M2 0.003374 0.019504 0.8525
11 M4 0.000246 0.140369 0.9983 27 M4 0.008734 0.032385 0.7876
12 M3 0.007022 0.039533 0.8492 28 M4 0.00305 0.008765 0.7419
13 M2 0.006475 0.035878 0.8471 29 M1 0.002411 0.015698 0.8669
14 M3 0.000468 0.032043 0.9856 30 M1 0.001182 0.012404 0.9130
15 M2 0.002106 0.032087 0.9384 31 M2 0.005079 0.012404 0.7095
16 M3 0.003014 0.019972 0.8689 32 M2 0.005079 0.012404 0.7095

To show the effectiveness of the proposed model, the model was implemented on
another construction project with 32 activities. The project network and project data
are displayed in Figure 5 and Appendix C, respectively. It should be noted that the total
number of different combinations of project implementation based on the presented activity
execution modes is 28 * 55 * 819.

According to Table 7, this project is implemented with a duration of 266 days, costs
of $83,916, and quality level of 80%, obtained based on α = 1 through the alpha-cut
defuzzification method.
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4.2. Sensitivity Analysis

Two points have been considered in ranking the different execution modes of each
activity using the fuzzy TOPSIS method. The first point is the negativity of time and cost
and the positiveness of quality. The second point is that the importance weights of three
objectives (criteria) have been determined by the SWARA method based on the opinions of
experts in the field of civil engineering and project management. First, the time objective
is considered as the most important project goal, and the activities are executed in the
modes with the shortest durations, the execution modes of 6 and 7 of all activities have the
minimum durations. Then, the cost objective is considered as the most important objective
in the project, and the activities are executed in the modes with the lowest costs. Finally,
the quality objective is considered as the most important project objective, and the activities
are executed in the modes with the highest quality. The findings are displayed in Table 8.

Table 6 shows the rankings of activity execution modes obtained by the fuzzy TOPSIS
method. The total project duration was calculated using the critical path method, the
total project cost was equal to the summation of activity costs and the project quality
was determined based on the geometric average quality of each activity. Table 9 displays
the findings.

Comparing the activity execution modes with the shortest durations to the results
obtained from the fuzzy TOPSIS method shows that the two objectives of time and cost
have improved significantly, but the quality objective has diminished. In addition, the
selection of activity execution modes with the lowest costs results in the worse values of
time and quality objectives. Also, the selection of activity execution modes with the highest
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quality levels results in increasing the value of time objective and decreasing the value of
cost objective (Max Q and Min C). Figure 6 shows the percentage of change of each method
in α-cut of 1 (the value of m in Ã = (l, m, u)).

Table 8. Sensitivity analysis (project by 13 activities).

Time Cost Quality
L M U L M U L M U

Total Project 508 564 594 260,883 289,872 304,835 0.615 0.760 0.960

Min Time
Min Time & Min Cost

463 513 542
255,896 284,333 299,296 0.416 0.612 0.815

Min Time & Max Quality 257,870 286,525 301,490 0.450 0.644 0.847

Min Cost
Min Cost & Min T 513 570 600

230,308 255,896 269367
0.416 0.612 0.815

Min Cost & Max Q 523 581 611 0.527 0.715 0.915

Max Q
Max Q & Min T 508 564 594 255,348 283,723 298,655

0.648 0.776 0.976
Max Q & Min C 514 571 601 242,245 269,161 283,328

Table 9. Sensitivity analysis (project by 32 activities).

Time Cost Quality
L M U L M U L M U

Total Project 228 266 304 71,328.5 83,916 96,503.6 68.0 80.0 92.1

Min Time
Min Time & Min Cost

83 105 129
78,891 91,290.8 104,082.8 73.0 84.6 96.4

Min Time & Max Quality 79,218.0 91,675.0 104,524.5 73.2 84.8 96.6

Min Cost
Min Cost & Min Time 289 338 387

64,914.9 76,370.5 87,826.1
66.6 78.3 90.1

Min Cost & Max Q 289 338 387 66.6 78.3 90.1

Max Q
Max Q & Min Time 85 107 131 79,066.4 91,496.6 104,319.3

73.6 84.8 96.6
Max Q & Min Cost 135 163 190 77,566.8 90,570.4 102,735.2

Figure 6 shows the percentage of changes in different modes based on the numbers
obtained for the whole project. Figure 6a shows the percentage of changes in the rows of
Table 8 based on the factor of total project duration, Figure 6b shows the percentage of
changes in the rows of Table 8 based on the factor of total project cost, and Figure 6c shows
the percentage of changes in the rows of Table 8 based on the factor of project quality.

Same as the first example (project with 13 activities), the sensitivity analysis was
conducted for the second project with 32 activities. The results are presented in Table 9.

As shown in Table 9, a comparison of the shortest duration method with the results
obtained from the fuzzy TOPSIS method demonstrates that time and quality have improved
significantly but cost has deteriorated. Also, time and quality have deteriorated in the
project implementation with the lowest cost method, and time and cost have worsened in
the project implementation with the highest quality level.

4.3. Practical Implications

The project iron triangle including time, cost, and quality is of significant importance
for evaluating construction projects that all project managers seek to optimize these three
factors simultaneously so that they can complete the project within the shortest duration,
minimum cost, and maximum quality. Each activity in the project can be performed in
various execution modes that have different duration, cost, and quality. Project managers
must decide on the choice of each execution mode for every activity so that they can
ultimately achieve the project goals and objectives. Therefore, in this study, the multi-
criteria decision-making approaches have been used to trade off among project objectives.
The selection of any execution mode for each activity through ranking the execution modes
can finally accomplish the project with the best trade-off values of three objectives that
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can be expressed as one of the most significant managerial and practical implications of
this study.
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5. Conclusions

Accurate estimation of completion time, implementation cost, and acceptable quality
level of a project is one of the most serious challenges in project management. A project is
successfully accomplished if it is finished in the shortest makespan and lowest costs along
with the highest quality in accordance with what is defined within the project scope. Project
managers should develop a schedule according to the uncertainty in the environment,
conditions, and restrictions of the project. Quite often it is to reduce the durations of some
activities at additional costs so that the project completion is accelerated. Changes in the
duration and cost of each activity also have a great impact on quality. Therefore, the balance
of time, cost, and quality has been attracted more attention from project practitioners. A
review of the methods used by other researchers in the field of project scheduling revealed
that previous models seldom considered uncertainty conditions for all three project goals
of time, cost, and quality. On the other hand, previous studies have considered the project
goals with equal importance. In this study, this significant problem was investigated in
construction projects. The best execution mode of each activity was selected using the
fuzzy MCDM approach taking the three substantial project goals and objectives of time,
cost, and quality into consideration. First, the importance weights of the time, cost, and
quality objectives were identified by experts using the fuzzy SWARA technique. Then, each
activity execution mode, which has a different duration, cost, and quality, was ordered and
ranked through the fuzzy TOPSIS technique. Finally, the execution method of each activity
with the highest rank was considered as the best execution mode of that activity and the
project schedule was developed based on these execution modes.

The obtained results in both case studies showed that the best execution mode selected
for each activity is between the desired values of the objective functions so that the duration
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of the selected executive method is close to the most likely activity duration. The situation
is more favorable for the cost objective function than for the time objective function.
The reason is that the weight of the cost objective function is higher than other goals,
and the weight of the quality objective function is lower than others. However, the
importance weights of the project goals may be changed based on the opinions of the
project stakeholders.

The results showed a significant improvement in the project objectives comparing
to different activity execution modes including the least duration, the lowest cost, and
the highest quality level of each activity execution. In the sensitivity analysis section, the
percentage of changes in each of the project objectives compared to other different modes
in the entire project was analyzed which showed a high improvement in the results.

Given that the problem of minimizing project duration and cost together with maximizing
project quality is one of the most important challenges facing project planners and practitioners,
the decision-making models were exploited in this research for selecting the best possible
activity execution modes. The present study can assist project practitioners and managers
with choosing the appropriate activity execution methods for accomplishing the project in the
shortest makespan and at the lowest costs together with the most superb quality level.

Lack of enough information along with difficulties associated with estimating the
time, cost, and quality of each activity execution mode can be mentioned as the limitations
of the current study. The finish-to-start precedence relationship with zero time lag was
considered as a basic assumption. Since various execution modes for each activity have
been independently ranked, other precedence relationships can be considered. As some
suggestions for future research, other types of precedence relationships should be consid-
ered in the model. Also, uncertain data such as grey data can be used. Moreover, other
decision-making methods may be applied and the results be compared with the methods
proposed in this study.
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Appendix A. Project Data (Project with 13 Activities)

No. Project Activities Execution Modes
Time Cost ($) Quality

L M U L M U L M U

1 preliminary studies

1 14 15 16 503 559 588 0.2 0.4 0.5

2 14 15 16 453 503 530 0.3 0.5 0.7

3 13 14 15 530 588 618 0.2 0.4 0.5

4 13 14 15 503 559 588 0.7 0.8 1

5 13 14 15 453 503 530 0.5 0.7 0.9

6 12 13 14 530 588 618 0.3 0.5 0.7

7 12 13 14 503 559 588 0.5 0.7 0.9

2 Basic Engineering

1 54 60 63 2515 2795 2942 0.2 0.4 0.5

2 54 60 63 2264 2515 2648 0.3 0.5 0.7

3 51 57 60 2648 2942 3089 0.3 0.5 0.7

4 51 57 60 2515 2795 2942 0.3 0.5 0.7

5 51 57 60 2264 2515 2648 0.5 0.7 0.9

6 46 51 54 2648 2942 3089 0.5 0.7 0.9

7 46 51 54 2515 2795 2942 0.5 0.7 0.9

3 detail engineering

1 81 90 95 6036 6707 7060 0.2 0.4 0.5

2 81 90 95 5433 6036 6354 0.3 0.5 0.7

3 77 86 90 6354 7060 7413 0.2 0.4 0.5

4 77 86 90 6036 6707 7060 0.7 0.8 1

5 77 86 90 5433 6036 6354 0.5 0.7 0.9

6 69 77 81 6354 7060 7413 0.3 0.5 0.7

7 69 77 81 6036 6707 7060 0.5 0.7 0.9

4 production engineering

1 41 45 47 1006 1118 1177 0.3 0.5 0.7

2 41 45 47 905 1006 1059 0.5 0.7 0.9

3 38 43 45 1059 1177 1236 0.3 0.5 0.7

4 38 43 45 1006 1118 1177 0.7 0.8 1

5 38 43 45 905 1006 1059 0.3 0.5 0.7

6 35 38 41 1059 1177 1236 0.2 0.4 0.5

7 35 38 41 1006 1118 1177 0.3 0.5 0.7

5 production stage 1

1 41 45 47 2683 2981 3138 0.3 0.5 0.7

2 41 45 47 2414 2683 2824 0.3 0.5 0.7

3 38 43 45 2824 3138 3294 0.2 0.4 0.5

4 38 43 45 2683 2981 3138 0.7 0.8 1

5 38 43 45 2414 2683 2824 0.5 0.7 0.9

6 35 38 41 2824 3138 3294 0.2 0.4 0.5

7 35 38 41 2683 2981 3138 0.5 0.7 0.9

6 production stage 2

1 122 135 142 86736 96374 101446 0.3 0.5 0.7

2 122 135 142 78063 86736 91301 0.5 0.7 0.9

3 115 128 135 91301 101446 106518 0.3 0.5 0.7

4 115 128 135 86736 96374 101446 0.3 0.5 0.7

5 115 128 135 78063 86736 91301 0.7 0.8 1
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No. Project Activities Execution Modes
Time Cost ($) Quality

L M U L M U L M U

6 104 115 122 91301 101446 106518 0.5 0.7 0.9

7 104 115 122 86736 96374 101446 0.7 0.8 1

7 production stage 3

1 90 100 105 37556 41729 43925 0.3 0.5 0.7

2 90 100 105 33800 37556 39533 0.5 0.7 0.9

3 86 95 100 39533 43925 46121 0.3 0.5 0.7

4 86 95 100 37556 41729 43925 0.5 0.7 0.9

5 86 95 100 33800 37556 39533 0.3 0.5 0.7

6 77 86 90 39533 43925 46121 0.3 0.5 0.7

7 77 86 90 37556 41729 43925 0.3 0.5 0.7

8 production stage 4

1 108 120 126 25037 27819 29283 0.2 0.4 0.5

2 108 120 126 22534 25037 26355 0.5 0.7 0.9

3 103 114 120 26355 29283 30748 0.2 0.4 0.5

4 103 114 120 25037 27819 29283 0.7 0.8 1

5 103 114 120 22534 25037 26355 0.3 0.5 0.7

6 92 103 108 26355 29283 30748 0.5 0.7 0.9

7 92 103 108 25037 27819 29283 0.3 0.5 0.7

9 Construction stage 1

1 162 180 189 66039 73377 77239 0.2 0.4 0.5

2 162 180 189 59435 66039 69515 0.3 0.5 0.7

3 154 171 180 69515 77239 81101 0.2 0.4 0.5

4 154 171 180 66039 73377 77239 0.7 0.8 1

5 154 171 180 59435 66039 69515 0.5 0.7 0.9

6 139 154 162 69515 77239 81101 0.3 0.5 0.7

7 139 154 162 66039 73377 77239 0.5 0.7 0.9

10 Construction stage 2

1 108 120 126 12460 13845 14573 0.2 0.4 0.5

2 108 120 126 11214 12460 13116 0.5 0.7 0.9

3 103 114 120 13116 14573 15302 0.2 0.4 0.5

4 103 114 120 12460 13845 14573 0.7 0.8 1

5 103 114 120 11214 12460 13116 0.3 0.5 0.7

6 92 103 108 13116 14573 15302 0.5 0.7 0.9

7 92 103 108 12460 13845 14573 0.3 0.5 0.7

11 Construction stage 3

1 68 75 79 5483 6092 6412 0.3 0.5 0.7

2 68 75 79 4934 5482 5771 0.5 0.7 0.9

3 64 71 75 5771 6412 6733 0.3 0.5 0.7

4 64 71 75 5482 6092 6412 0.3 0.5 0.7

5 64 71 75 4934 5482 5771 0.7 0.8 1

6 58 64 68 5771 6412 6732 0.5 0.7 0.9

7 58 64 68 5482 6092 6412 0.7 0.8 1

12
Test and

Inspection

1 68 75 79 5607 6230 6558 0.3 0.5 0.7

2 68 75 79 5046 5607 5902 0.5 0.7 0.9

3 64 71 75 5902 6558 6886 0.3 0.5 0.7

4 64 71 75 5607 6230 6558 0.7 0.8 1

5 64 71 75 5046 5607 5902 0.3 0.5 0.7
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No. Project Activities Execution Modes
Time Cost ($) Quality

L M U L M U L M U

6 58 64 68 5902 6558 6886 0.2 0.4 0.5

7 58 64 68 5607 6230 6558 0.3 0.5 0.7

13
Pre-Commissioning and

Commissioning

1 14 15 16 4236 4707 4955 0.3 0.5 0.7

2 14 15 16 3813 4236 4459 0.5 0.7 0.9

3 13 14 15 4459 4955 5203 0.3 0.5 0.7

4 13 14 15 4236 4707 4955 0.5 0.7 0.9

5 13 14 15 3813 4236 4459 0.3 0.5 0.7

6 12 13 14 4459 4955 5203 0.3 0.5 0.7

7 12 13 14 4236 4707 4955 0.3 0.5 0.7

Appendix B. Results of Fuzzy TOPSIS Method (Project by 13 Activities)

No. Execution Modes d+ d− C Rank N Execution Modes d+ d− C Rank

1

1 0.007258 0.003702 0.3378 6

8

1 0.00725 0.003908 0.3502 6

2 0.008013 0.002139 0.2107 7 2 0.005451 0.005463 0.5005 3

3 0.007057 0.005404 0.4337 4 3 0.006909 0.005773 0.4552 4

4 0.000763 0.009548 0.9260 1 4 0.000606 0.009932 0.9425 1

5 0.005716 0.004359 0.4327 5 5 0.008163 0.001561 0.1605 7

6 0.004289 0.005863 0.5775 3 6 0.001885 0.00903 0.8273 2

7 0.002193 0.006382 0.7443 2 7 0.004937 0.003263 0.3979 5

2

1 0.005393 0.003976 0.4244 6

9

1 0.007249 0.003905 0.3501 6

2 0.006557 0.002577 0.2822 7 2 0.00803 0.00231 0.2234 7

3 0.00166 0.006811 0.8040 2 3 0.006917 0.005752 0.4540 5

4 0.002134 0.004192 0.6626 4 4 0.000613 0.009911 0.9417 1

5 0.005198 0.005653 0.5210 5 5 0.005592 0.00469 0.4562 4

6 0.001548 0.009966 0.8656 1 6 0.00446 0.00588 0.5687 3

7 0.002022 0.007347 0.7842 3 7 0.002354 0.006414 0.7315 2

3

1 0.00725 0.003962 0.3534 6

10

1 0.007249 0.003908 0.3503 6

2 0.008031 0.002368 0.2277 7 2 0.005451 0.005463 0.5005 3

3 0.006914 0.0058 0.4562 5 3 0.006909 0.005773 0.4552 4

4 0.000611 0.009959 0.9422 1 4 0.000606 0.009932 0.9425 1

5 0.005589 0.004738 0.4588 4 5 0.008163 0.001561 0.1605 7

6 0.004518 0.00588 0.5655 3 6 0.001885 0.00903 0.8273 2

7 0.002413 0.006413 0.7266 2 7 0.004936 0.003263 0.3980 5

4

1 0.003459 0.004777 0.5800 3

11

1 0.003457 0.003929 0.5320 4

2 0.005472 0.005487 0.5007 4 2 0.005453 0.00272 0.3328 7

3 0.003163 0.006581 0.6754 2 3 0.003157 0.005701 0.6436 3

4 0.000653 0.009897 0.9381 1 4 0.003631 0.003083 0.4592 5

5 0.00823 0.001515 0.1554 7 5 0.005221 0.003638 0.4106 6

6 0.008278 0.005067 0.3797 6 6 0.001903 0.006267 0.7671 1

7 0.004961 0.003275 0.3976 5 7 0.001971 0.005414 0.7332 2
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No. Execution Modes d+ d− C Rank N Execution Modes d+ d− C Rank

5

1 0.003455 0.004769 0.5799 3

12

1 0.003458 0.004762 0.5793 3

2 0.008027 0.002336 0.2255 7 2 0.005453 0.005482 0.5013 4

3 0.006955 0.005723 0.4514 5 3 0.003157 0.006535 0.6742 2

4 0.000649 0.009889 0.9384 1 4 0.000646 0.00986 0.9385 1

5 0.005627 0.004665 0.4533 4 5 0.008205 0.001487 0.1535 7

6 0.008278 0.005042 0.3785 6 6 0.008273 0.005047 0.3789 6

7 0.002379 0.006417 0.7296 2 7 0.004955 0.003264 0.3972 5

6

1 0.003457 0.003949 0.5332 4

13

1 0.001984 0.003736 0.6532 3

2 0.005451 0.002742 0.3347 7 2 0.005051 0.002814 0.3578 6

3 0.003147 0.005734 0.6456 3 3 0.001791 0.005425 0.7519 2

4 0.00362 0.003118 0.4627 5 4 0.000755 0.004315 0.8511 1

5 0.005209 0.003673 0.4135 6 5 0.006841 0.000375 0.0519 7

6 0.001925 0.006268 0.7650 1 6 0.002814 0.005051 0.6422 4

7 0.001993 0.005414 0.7310 2 7 0.003288 0.002431 0.4250 5

7

1 0.001983 0.003879 0.6618 3

2 0.005045 0.00296 0.3697 6

3 0.00164 0.005757 0.7783 2

4 0.000604 0.00465 0.8851 1

5 0.006686 0.000712 0.0962 7

6 0.00296 0.005045 0.6303 4

7 0.003433 0.002429 0.4144 5

Appendix C. Project Data (Project with 32 Activities)

No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

1
Basement-Shuttering for

shear wall or column

1 17 20 23 484.2 569.6 655.0 61.6 72.5 83.4

2 11 13 15 613.4 721.7 830.0 71.3 83.9 96.5

3 6 7 8 661.6 778.3 895.0 71.3 83.9 96.5

4 7 8 9 702.2 826.1 950.0 69.7 82 94.3

5 5 6 7 760.6 894.8 1029.0 69.7 82 94.3

6 20 23 26 460.0 541.2 622.4 64.7 76.1 87.5

7 7 8 9 664.1 781.3 898.5 71.2 83.8 96.4

8 5 6 7 719.8 846.8 973.8 71.2 83.8 96.4

2
Basement-reinforcement

for wall or column

1 8 9 10 4667.6 5491.3 6315.0 67.2 79 90.9

2 6 7 8 4699.7 5529.1 6358.5 67.2 79 90.9

3 9 10 11 4656.3 5478 6299.7 68.2 80.2 92.2

4 9 11 13 4647.0 5467.1 6287.2 67.2 79.1 91.0

5 5 6 7 4734.0 5569.4 6404.8 71.8 84.5 97.2

6 4 5 6 4794.3 5640.3 6486.3 75.0 88.2 100.0

7 3 4 5 4821.0 5671.8 6522.6 75.0 88.2 100.0

8 2 3 4 4832.8 5685.6 6538.4 75.0 88.2 100.0
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No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

3 Basement-concreting of
shear wall or column

1 11 13 15 3313.6 3898.4 4483.2 66.4 78.1 89.8

2 8 9 10 4225.8 4971.5 5717.2 67.9 79.9 91.9

3 4 5 6 4248.3 4998 5747.7 67.9 79.9 91.9

4 2 3 4 4265.6 5018.3 5771.0 67.9 79.9 91.9

5 6 7 8 4023.8 4733.9 5444.0 67.3 79.2 91.1

6 4 5 6 4042.6 4756 5469.4 67.3 79.2 100

7 2 3 4 4793.3 5639.2 6485.1 75.0 88.2 100

8 1 2 3 4794.8 5640.9 6487.0 75.0 88.2 100

4
Basement-shuttering

for slab

1 17 20 23 623.6 733.7 843.8 64.9 76.4 87.9

2 14 16 18 669.8 788 906.2 69.5 81.8 94.1

3 12 14 16 757.6 891.3 1025.0 66.3 78 89.7

4 9 10 11 748.3 880.4 1012.5 74.0 87 100

5 6 7 8 825.5 971.2 1116.9 74.0 87 100

5 Basement-reinforcement
for slab

1 9 11 13 6223.4 7321.7 8420.0 67.2 79 90.9

2 8 9 10 6266.3 7372.1 8477.9 67.2 79 90.9

3 11 13 15 6208.4 7304 8399.6 68.2 80.2 92.2

4 12 14 16 6196.1 7289.5 8382.9 67.2 79.1 91.0

5 7 8 9 6312.0 7425.9 8539.8 71.8 84.5 97.2

6 5 6 7 6392.3 7520.4 8648.5 75.0 88.2 100.0

7 4 5 6 6428.1 7562.5 8696.9 75.0 88.2 100.0

8 3 4 5 6443.7 7580.8 8717.9 75.0 88.2 100.0

6 Basement-concreting slab

1 12 14 16 3568.6 4198.3 4828 66.4 78.1 89.8

2 6 7 8 3697.1 4349.5 5001.9 66.4 78.1 89.8

3 9 10 11 4270.2 5023.8 5777.4 69 81.2 93.4

4 4 5 6 4040.3 4753.3 5466.3 69 81.2 93.4

5 3 4 5 4339.8 5105.7 5871.6 69 81.2 93.4

6 4 5 6 4296.9 5055.2 5813.5 71.6 84.2 96.8

7 1 2 2 5120.6 6024.2 6024.2 73.4 86.4 86.4

8 2 2 3 6024.2 6024.2 6950.9 86.4 86.4 99.4

7
1st level-shuttering
(wall and column)

1 14 17 20 409.6 481.9 554.2 61.6 72.5 83.4

2 9 11 13 519.1 610.7 702.3 71.3 83.9 96.5

3 5 6 7 559.7 658.5 757.3 71.3 83.9 96.5

4 6 7 8 594.2 699 803.9 69.7 82 94.3

5 4 5 6 641.8 755 868.3 69.7 82 94.3

6 16 19 22 388.2 456.7 525.2 64.7 76.1 87.5

7 6 7 8 560.3 659.2 758.1 71.2 83.8 96.4

8 4 5 6 607.3 714.5 821.7 71.2 83.8 96.4

8
1st level-reinforcement

(wall and column)

1 9 11 13 5851.0 6883.5 7916.0 67.2 79 90.9

2 8 9 10 5891.4 6931 7970.7 67.2 79 90.9

3 10 12 14 5836.9 6866.9 7896.9 68.2 80.2 92.2

4 11 13 15 5825.3 6853.3 7881.3 67.2 79.1 91.0
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No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

5 6 7 8 5917.5 6961.8 8006.1 71.8 84.5 97.2

6 5 6 7 5992.8 7050.3 8107.8 75.0 88.2 100.0

7 4 5 6 6026.3 7089.8 8153.3 75.0 88.2 100.0

8 3 4 5 6041.0 7107 8173.1 75.0 88.2 100.0

9
1st level-concreting
(wall and column)

1 9 11 13 2760.6 3247.8 3735.0 66.4 78.1 89.8

2 6 7 8 3520.5 4141.8 4763.1 67.9 79.9 91.9

3 3 4 5 3539.3 4163.9 4788.5 67.9 79.9 91.9

4 2 3 4 3553.7 4180.8 4807.9 67.9 79.9 91.9

5 5 6 7 3342.8 3932.7 4522.6 67.3 79.2 91.1

6 3 4 5 3358.5 3951.2 4543.9 64.2 75.5 86.8

7 1 2 3 3982.1 4684.8 5389.2 75.0 88.2 100.0

8 2 2 3 4686.3 4686.3 5389.2 88.2 88.2 100.0

10
1st level-shuttering

(beam and slab)

1 15 18 21 562.9 662.2 761.5 63.4 74.6 85.8

2 12 14 16 604.5 711.2 817.9 69.5 81.8 94.1

3 10 12 14 683.7 804.4 925.1 66.3 78 89.7

4 8 9 10 675.4 794.6 913.8 74.0 87 100

5 5 6 7 743.0 874.1 1005.2 74.0 87 100

11
1st level-reinforcement

(beam and slab)

1 9 11 13 5851.0 6883.5 7916.0 67.2 79 90.9

2 8 9 10 5891.4 6931 7970.7 67.2 79 90.9

3 10 12 14 583.6 6866 789.6 68.2 80.2 92.2

4 11 13 15 5825.3 6853.3 7881.3 67.2 79.1 91.0

5 6 7 8 5927.8 6973.9 8020.0 71.8 84.5 97.2

6 5 6 7 6003.2 7062.6 8122.0 75.0 88.2 100.0

7 4 5 6 6036.8 7102.1 8167.4 75.0 88.2 100.0

8 3 4 5 6051.5 7119.4 8187.3 75.0 88.2 100.0

12
1st level-concreting

(beam and slab)

1 7 8 9 2044.9 2405.8 2766.7 66.4 78.1 89.8

2 3 4 5 2118.5 2492.4 2866.3 66.4 78.1 89.8

3 5 6 7 2447.1 2878.9 3310.7 69.0 81.2 93.4

4 2 3 4 2462.4 2896.9 3331.4 71.6 84.2 96.8

5 1 2 3 2484.2 2922.6 3361.0 69.0 81.2 93.4

6 2 3 4 2312.8 2720.9 3129.0 69.0 81.2 93.4

7 1 1 2 3448.4 3448.4 3965.7 86.4 86.4 99.4

8 1 2 2 2940.9 3459.9 3459.9 73.4 86.4 86.4

13
2nd level-shuttering
(wall and column)

1 14 16 18 379.3 446.2 513.1 61.6 72.5 83.4

2 9 10 11 480.6 565.4 650.2 71.3 83.9 96.5

3 4 5 6 518.2 609.7 701.2 70.6 83 95.5

4 5 6 7 550.1 647.2 744.3 69.7 82 94.3

5 3 4 5 595.3 700.3 805.3 69.7 82 94.3

6 15 18 21 360.1 423.6 487.1 64.7 76.1 87.5

7 6 7 8 519.8 611.5 703.2 71.3 83.9 96.5

8 4 5 6 563.3 662.7 762.1 71.3 83.9 96.5
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No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

14
2nd level-reinforcement

(wall and column)

1 10 12 14 6826.2 8030.8 9235.4 67.2 79 90.9

2 9 10 11 6873.2 8086.1 9299.0 67.2 79 90.9

3 12 14 16 6809.7 8011.4 9213.1 68.2 80.2 92.2

4 13 15 17 6796.2 7995.5 9194.8 67.2 79.1 91.0

5 7 8 9 6915.8 8136.2 9356.6 71.8 84.5 97.2

6 6 7 8 7003.7 8239.7 9475.7 75.0 88.2 100.0

7 4 5 6 7042.9 8285.8 9528.7 75.0 88.2 100.0

8 3 4 5 7060.0 8305.9 9551.8 75.0 88.2 100.0

15
2nd level-concreting
(wall and column)

1 10 12 14 3070.7 3612.6 4154.5 66.4 78.1 89.8

2 7 8 9 3916.0 4607.1 5298.2 67.9 79.9 91.9

3 3 4 5 3936.9 4631.6 5326.3 67.9 79.9 91.9

4 2 3 4 3952.9 4650.5 5348.1 67.9 79.9 91.9

5 6 7 8 3720.7 4377.3 5033.9 67.3 79.2 91.1

6 4 5 6 3738.1 4397.8 5057.5 67.3 79.2 91.1

7 2 3 4 4432.2 5214.4 5996.6 75.0 88.2 100.0

8 1 2 3 4433.7 5216.1 5998.5 75.0 88.2 100.0

16
2nd level-shuttering

(beam and slab)

1 16 19 22 579.1 681.3 783.5 63.4 74.6 85.8

2 13 15 17 622.0 731.8 841.6 69.5 81.8 94.1

3 11 13 15 703.5 827.7 951.9 66.3 78 89.7

4 9 10 11 695.0 817.6 940.2 74.0 87 100

5 6 7 8 764.9 899.9 1034.9 74.0 87 100

17
2nd level-reinforcement

(beam and slab)

1 11 13 15 7321.8 8613.9 9906.0 67.2 79 90.9

2 9 11 13 7372.2 8673.2 9974.2 67.2 79 90.9

3 13 15 17 7304.1 8593 9882.0 68.2 80.2 92.2

4 14 16 18 7289.6 8576 9862.4 67.2 79.1 91.0

5 8 9 10 7409.8 8717.4 10025.0 71.8 84.5 97.2

6 6 7 8 7499.8 8823.3 10146.8 75.0 88.2 100.0

7 5 6 7 7546.0 8877.7 10209.4 75.0 88.2 100.0

8 4 5 6 7564.3 8899.2 10234.1 75.0 88.2 100.0

18
2nd level-concreting

(beam and slab)

1 8 9 10 2303.1 2709.5 3115.9 66.4 78.1 89.8

2 4 5 6 2386.0 2807.1 3228.2 66.4 78.1 89.8

3 6 7 8 2756.0 3242.3 3728.6 69.0 81.2 93.4

4 3 4 5 2773.1 3262.5 3751.9 69.0 81.2 93.4

5 2 3 4 2794.7 3287.9 3781.1 69.0 81.2 93.4

6 3 4 5 2601.9 3061 3520.2 71.6 84.2 100.0

7 2 2 3 3879.5 3879.5 4461.4 86.4 86.4 100.0

8 1 1 2 3892.4 3892.4 4476.3 86.4 86.4 100.0

19 1st level-block work

1 5 6 7 2249.1 2646 3042.9 68.9 81.1 93.3

2 6 7 8 2390.7 2812.6 3234.5 70.1 82.5 94.9

3 4 5 6 2456.4 2889.9 3323.4 69.8 82.1 94.4

4 3 4 5 2472.1 2908.4 3344.7 69.8 82.1 94.4

5 3 4 5 2751.7 3237.3 3722.9 71.7 84.4 97.1
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No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

6 5 6 7 2414.4 2840.5 3266.6 69.0 81.2 93.4

7 7 8 9 2191.4 2578.1 2964.8 67.3 79.2 91.1

8 7 8 9 1926.9 2266.9 2606.9 65.8 77.4 89.0

20 1st level-plastering

1 7 8 9 740.9 871.6 1002.3 63.0 74.1 85.2

2 11 13 15 671.3 789.8 908.3 61.5 72.4 83.3

3 8 9 10 709.6 834.8 960.0 61.5 72.4 83.3

4 11 13 15 688.7 810.2 931.7 64.1 75.4 86.7

5 8 9 10 728.2 856.7 985.2 64.1 75.4 86.7

6 5 6 7 808.4 951 1093.7 73.4 86.4 99.4

7 3 4 5 878.1 1033 1188.0 75.4 88.7 100.0

8 13 15 17 616.8 725.6 834.4 68.5 80.6 92.7

21 1st level-tile flooring

1 4 5 6 1029.4 1211.1 1392.8 65.5 77 88.6

2 4 5 6 917.9 1079.9 1241.9 64.7 76.1 87.5

3 2 3 4 1135.0 1335.3 1535.6 64.7 76.1 87.5

4 3 4 5 1100.3 1294.5 1488.7 66.1 77.8 89.5

5 3 4 5 1137.0 1337.6 1538.2 66.1 77.8 89.5

22 1st level-putty-2 coats
1 15 18 21 185.5 218.2 250.9 67.8 79.8 91.8

2 8 9 10 207.7 244.4 281.1 67.8 79.8 91.8

23 1st level-primer
1 8 9 10 137.3 161.5 185.7 66.1 77.8 89.5

2 4 5 6 148.4 174.6 200.8 66.1 77.8 89.5

24 1st level-first coat
1 5 6 7 166.9 196.4 225.9 71.1 83.6 96.1

2 9 10 12 140.8 165.7 190.6 70.2 82.6 95.0

25 1st level-final coat
1 5 6 7 166.9 196.4 225.9 71.1 83.6 96.1

2 9 10 12 140.8 165.7 190.6 70.2 82.6 95.0

26 2nd level-block work

1 6 7 8 2474.1 2910.7 3347.3 68.9 81.1 93.3

2 6 7 8 2629.8 3093.9 3558.0 69.8 82.1 94.4

3 5 6 7 2702.1 3178.9 3655.7 69.8 82.1 94.4

4 4 5 6 2719.3 3199.2 3679.1 69.8 82.1 94.4

5 3 4 5 3026.9 3561 4095.2 71.7 84.4 97.1

6 5 6 7 2655.8 3124.5 3593.2 69.0 81.2 93.4

7 8 9 10 2410.5 2835.9 3261.3 67.3 79.2 91.1

8 8 9 10 2119.6 2493.6 2867.6 65.8 77.4 89.0

27 2nd level-plastering

1 7 8 9 753.2 886.1 1019.0 63.0 74.1 85.2

2 12 14 16 682.5 802.9 923.3 64.1 75.4 86.7

3 8 9 10 721.4 848.7 976.0 61.5 72.4 83.3

4 11 13 15 700.1 823.7 947.3 61.5 72.4 83.3

5 8 9 10 740.4 871 1001.7 64.1 75.4 86.7

6 5 6 7 821.9 966.9 1111.9 73.4 86.4 99.4

7 3 4 5 892.7 1050.2 1207.7 75.4 88.7 100.0

8 13 15 17 627.0 737.6 848.2 68.5 80.6 92.7
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No. Project Activities Execution Modes
Time Cost ($) Quality%

L M U L M U L M U

28 2nd level-tile flooring

1 4 5 6 989.9 1164.6 1339.3 65.5 77 88.6

2 4 5 6 882.6 1038.4 1194.2 64.7 76.1 87.5

3 3 3 4 1283.9 1283.9 1476.5 76.1 76.1 87.5

4 3 4 5 1058.0 1244.7 1431.4 66.1 77.8 89.5

5 3 3 4 1286.2 1286.2 1479.1 77.8 77.8 89.5

29 2nd level putty-2 coats
1 15 18 21 179.7 211.4 243.1 67.8 79.8 91.8

2 8 9 10 201.3 236.8 272.3 67.8 79.8 91.8

30 2nd level-primer
1 8 9 10 132.9 156.4 179.9 66.1 77.8 89.5

2 4 5 6 143.7 169.1 194.5 66.1 77.8 89.5

31 2nd level-first coat
1 4 5 6 161.7 190.2 218.7 71.1 83.6 96.1

2 8 9 10 136.5 160.6 184.7 70.2 82.6 95.0

32 2nd level-final coat
1 4 5 6 161.7 190.2 218.7 71.1 83.6 96.1

2 8 9 10 136.5 160.6 184.7 70.2 82.6 95.0
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in deep foundation excavation project: An Iranian case study. J. Civ. Eng. Manag. 2017, 23, 524–532. [CrossRef]

32. Mota, A.; Ávila, P.; Albuquerque, R.; Costa, L.; Bastos, J. A Framework for Time-Cost-Quality Optimization in Project Management
Problems Using an Exploratory Grid Concept in the Multi-Objective Simulated-Annealing. Int. J. Inf. Technol. Decision Mak. 2021,
20, 1095–1120. [CrossRef]

33. Nguyen, D.T.; Le-Hoai, L.; Tarigan, P.B.; Tran, D.H. Tradeoff time cost quality in repetitive construction project using fuzzy logic
approach and symbiotic organism search algorithm. Alex. Eng. J. 2021. [CrossRef]

34. Abbasi, D.; Ashrafi, M.; Ghodsypour, S.H. A multi objective-BSC model for new product development project portfolio selection.
Expert Syst. Appl. 2020, 162, 113757. [CrossRef]

35. Banihashemi, S.A.; Khalilzadeh, M.; Shahraki, A.; Malkhalifeh, M.R.; Ahmadizadeh, S.S.R. Optimization of environmental
impacts of construction projects: A time–cost–quality trade-off approach. Int. J. Environ. Sci. Technol. 2020, 18, 631–646. [CrossRef]

36. Banihashemi, S.A.; Khalilzadeh, M. Time-cost-quality-environmental impact trade-off resource-constrained project scheduling
problem with DEA approach. Eng. Constr. Arch. Manag. 2020, 28, 1979–2004. [CrossRef]

37. Karbassi Yazdi, A.; Komijan, A.R.; Wanke, P.F.; Sardar, S. Oil project selection in Iran: A hybrid MADM approach in an uncertain
environment. Appl. Soft Comput. 2020, 88, 106066. [CrossRef]

38. Liu, D.; Li, H.; Wang, H.; Qi, C.; Rose, T. Discrete symbiotic organisms search method for solving large-scale time-cost trade-off
problem in construction scheduling. Expert Syst. Appl. 2020, 148, 113230. [CrossRef]

39. RezaHoseini, A.; Ghannadpour, S.F.; Hemmati, M. A comprehensive mathematical model for resource-constrained multi-objective
project portfolio selection and scheduling considering sustainability and projects splitting. J. Clean. Prod. 2020, 269, 122073.
[CrossRef]

40. Aouam, T.; Vanhoucke, M. An agency perspective for multi-mode project scheduling with time/cost trade-offs. Comput. Oper.
Res. 2019, 105, 167–186. [CrossRef]

41. Toloo, M.; Mirbolouki, M. A new project selection method using data envelopment analysis. Comput. Ind. Eng. 2019, 138, 106119.
[CrossRef]
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