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ABSTRACT: To successfully complete projects, it is essential to meet all the goals of the criteria that 
affect the project, such as time, cost, and quality. The time-cost-quality trade-off (TCQT) approach is 
considered a practical technique when project managers or customers tend to crash the total time of 
a project and create a balance within these criteria. On the other hand, due to the unique inherent of 
projects and various risks in the real world, using a certain framework for project management problems 
does not seem efficient. This paper presents a novel fuzzy Bayesian network-based approach to schedule 
a project and control real-world uncertainties. This novel approach applies the fuzzy opinions of several 
experts with regard to their weight. The presented fuzzy Bayesian model can calculate a project’s total 
cost and duration in various uncertain situations. Consequently, this profound knowledge about the 
project’s various conditions helps managers be aware of the different probable scenarios. To demonstrate 
the efficiency and application of the proposed model, a modified project example from the literature 
review is adopted and solved. A common technique in project management called PERT is applied to 
verify the proposed approach, and the results are compared. Finally, a comparative analysis with a recent 
related paper is presented. 
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1- Introduction
The time-cost trade-off (TCT) approach is a beneficial 

technique in project management which is applied when the 
total time of a project is not accepted and it is required to be 
crashed [1]. Indeed, a project manager intends to reduce total 
time of the project through increasing the cost of activities by 
employing more manpower and equipment [2-5]. Because of 
the importance and applicability of the TCT approach, many 
studies have been performed in this area in recent years.

Leyman et al. [6] proposed a discrete TCT for project 
scheduling while optimizing project net present value. Ball-
esteros-Perez et al. [4] scrutinized on non-linear TCT mod-
els. Abdel-Basset et al. [7] proposed a linear TCT approach 
based on the neutrosophic set for uncertain parameters of a 
project. Panwar and Jha [8] integrated quality and safety in a 
TCT model. Orm and Jeunet [9] presented a survey for the as-
sessment of quality in time-cost trade-off problems (TCTPs). 
Moreover, Mohammadipour and Sadjadi [10] presented a 
multi-objective model with cost, quality, and risk criteria 
under the time-constrained. Haghighi et al. [11] presented a 
new framework for TCTP considering quality loss cost under 
interval-valued fuzzy set. As well, Hosseini-Nasab et al. [12] 
used the trapezoidal fuzzy set in multi-mode time-cost-quali-
ty trade-off problem (TCQTP). 

Project parameters are affected by different sources of 
risks [13]. Therefore, estimating the total cost and time of a 
project is a complex action. Some techniques, such as, regres-
sion [14], Artificial Neural Networks [15], Monte Carlo (MC) 
simulation [13] were presented to model risk. However, using 
a simple technique such as linear regression may not consider 
all aspects of a project and may miss a number of variables. 
The mentioned approaches are highly dependent on histori-
cal data, which in the context of projects, due to their unique 
nature, the existence of completely historical data seems un-
likely. There are other effective approaches such as Bayesian 
network (BN) that can cover this weakness. It creates the pos-
sibility of applying expert judgment and historical data simul-
taneously, and its update as soon as data availability [16, 17].

One of the most efficient approaches for managing risks 
in projects is Bayesian approach. Since this approach has 
several advantages such as the possibility of structural learn-
ing, fast responsiveness, explicit treatment of uncertainty, and 
knowledge from different sources [2]. Covaliu and Soyer [18] 
presented a sequential Bayesian approach for a project with a 
few activities. Cho [19] proposed a linear Bayesian approach 
for duration of a project where it can be converted to full 
Bayesian with considering some assumptions. Nevertheless, 
most of these researches do not consider the dependencies 
between different elements of a project cost and time [20]. 
In spite of many merits of the BN approach, it has been criti-
cized for using crisp probabilities in assessing uncertainty *Corresponding author’s email: ashrafi.mm@aut.ac.ir
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[21], so the fuzzy BN methodology was presented to elimi-
nate this weakness. Ferreira and Borenstein [22] presented a 
fuzzy-Bayesian model for supplier selection. Wan et al. [23] 
assessed maritime supply chain risks by a fuzzy Bayesian-
based FMEA approach. Aliabadi et al. [24] applied a fuzzy 
BN for modeling risks in a hydrogen gasholder that intro-
duced a new approach for determining the weight of each 
expert. 

This paper develops a fuzzy full BN that can consider and 
manage risks related to the cost and time. On the other hand, 
this approach enables project managers to achieve profound 
knowledge by applying different scenarios of trade-off be-
tween time, cost, and quality for a project. Moreover, in order 
to increase the accuracy of the results in this research, the 
opinions of several experts are used to gather the necessary 
information about probabilities in fuzzy BN. Using different 
views of multiple experts can almost cover all aspects of the 
problem. To provide an exhaustive insight of the novelties of 
this paper, the main issues are mentioned as follows:

•	 To solve the project TCQTP, a novel fuzzy Bayesian 
network-based approach is proposed.

•	 A new probabilistic methodology is presented to 
manage the risks of the real world in the project environment.

•	 A fuzzy Bayesian network approach is developed 
within an expert group decision-making process, considering 
the weight of the expert’s opinions. 

Various approaches and mathematical models have been 
proposed to solve the TCTP, which have mostly considered 
time and cost criteria and ignored other success criteria of 
project [4, 25, 26]. On the other hand, the trend of new solu-
tion approaches is moving towards stochastic and fuzzy un-
certainty approaches [2, 11, 27, 28]. The most recent studies 
for TCQTPs are mentioned in Table 1.

As can be seen in Table 1, in previous studies, the focus 
has only been on time and cost criteria. This paper considers 
three effective criteria time, cost, and quality in a project. On 
the other hand, due to the uncertain intrinsic nature of proj-
ects, setting a definite schedule and total cost does not seem 
to be accurate. In this paper, a fuzzy full BN for scheduling 
the project is proposed that can manage its uncertainties. In 
fact, the proposed approach in this paper can both manage 
the various uncertainties of a project associated with the oc-
currence of different scenarios and control the uncertainties 
that exist in the opinions of experts for determining the prob-
abilities of BN. Moreover, in order to increase of accuracy 
of results, instead of one expert, opinions of several experts 
with considering weight of each expert, which is determined 
by the project manager, are applied in proposed methodol-
ogy. The rest of this paper is organized as follows. Section 2 
proposes the structure of the model. Afterward, an application 
example is presented in section 3. Finally, conclusions are 
presented in the last section.

2- Model description  
A BN creates a probabilistic framework to consider the 

causal relationships and interactions under uncertainty [32]. 
Nowadays, this technique is applied to solve many real-world 
problems,  such as, improving procurement performance in 
organizations [33], predicting delays in train operations [34], 
evaluating reliability in wind turbines [35], comparing main-
tenance strategies [36], forecasting stock market index daily 
direction [37], and modeling for supply chain risk propaga-
tion [38]. In a BN, nodes represent random variables and vec-
tors represent the relationship between these variables [39, 
40]. Three important categories of information is needed to 
form the framework of the new proposed approach. Figure 1 

Table 1. The most recent studies in TCTPs
Table 1. The most recent studies in TCTPs 

 

Author(s) Year Time Cost Quality Risk 
Bayesian 
network 

(BN) 

Fuzzy 
Bayesian 
network  

Weight of 
decision 
maker 

Kim et al. [29] 2012        
Monghasemi 

et al. [30] 
2015        

He et al. [25] 2017        
Ghosh et al. 

[2] 
2017        

Tran and 
Long [31] 

2018        
Ballesteros-

Perez et al. [4] 
2019        

Liu et al. [26] 2020        
Jeunet and 

Orm [3] 
2020        

Panwar and 
Jha [8] 

2021        
This paper         
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displays the proposed model framework for the TCQTP con-
sidering fuzzy BN.

2- 1- Inputs
The first category is model inputs, which include the 

project cost breakdown structure and the cost of performing 
activities (  , 1, 2, , iC i n= … ), determining the execution time 
based on the cost of performing that activity (  , 1, 2, , iT i n= …
), and also determining the quality of activities based on the 
assumed cost and duration of each activity (  , 1, 2, , iQ i n= … ).

2- 2- Fuzzy Bayesian network (BN)
BN is a graphical model in which probabilities and de-

pendencies between variables can be considered [17, 39, 41]. 
BN can consider accident paths in retrospective backward ap-
proach and analyze and predict various likely scenarios [32]. 
The second important category is related to data for creating 
fuzzy BN, which includes probabilities of root nodes as well 
as conditional probabilities of cost, time, and quality associ-
ated with other nodes. Indeed, the structure of the network is 
that the nodes represent the variables of time, cost and quality 
of project activities and ultimately the whole project, and the 
vectors represent the predecessor relationship as well as the 
dependency relationships between the variables.

2- 2- 1- Probability of root nodes
One of the most important parameters in BN is the proba-

bilities of root nodes. Assume that a parent node N contains n 
states 1 2 , , ,S S …  nS , so it is necessary to specify the prob-
ability of each state Pr( iS ). Due to the lack of sufficient data 

and uncertainty in most projects, estimating a crisp value for 
the occurrence probability in a BN model is often very chal-
lenging [42, 43]. Fuzzy sets as efficient approaches can be 
applied to better manage uncertain environments [44, 45]. 
Because of these merits, some related research has applied 
fuzzy sets in their BN models [42, 43, 46, 47]. Indeed, this 
paper proposes a process that benefits of fuzzy set in the BN 
model and, ultimately, converts the occurrence possibility of 
the BN event into the occurrence probability to import data 
to the BN model.   

In this approach, trapezoidal fuzzy possibilities of root 
nodes and trapezoidal fuzzy conditional possibilities of other 
nodes, introduced in the next section, are determined based 
on the opinion of three experts according to the weight of 
each expert. Indeed, using fuzzy sets in determining possi-
bilities can improve the results since these sets can manage 
circumstances with incomplete data and doubts in experts’ 
opinions. Considering several experts and the weight of each 
expert in the project decision-making environment can en-
hance the accuracy of the results. In fact, the project manager 
first gathers all data about possibilities from the experts and 
then determines a weight for each expert based on their re-
sumes. Eventually, by considering the weight of each expert, 
the aggregated possibilities are computed by Eq. (1). The pro-
cess of determining the weight of each expert is presented in 
Appendix 1. Afterward, the defuzzified values of aggregated 
possibilities (based on Yucesan et al. [48]) are calculated by 
Eq. (2). In the next step, the aggregated possibilities convert 
into probabilities by Eq. (3) inspired by Onisawa [49]. Fi-
nally, the normalized defuzzified values of aggregated prob-
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abilities are determined by Eq. (4) and applied for all the root 
nodes probabilities and conditional probabilities in the BN.

𝐴𝐴𝐴𝐴𝐴̃𝐴=𝑊𝑊1⨂ 𝑃𝑃𝑃𝑃1̃ + 𝑊𝑊2⨂ 𝑃𝑃𝑃𝑃2̃ + 𝑊𝑊3⨂ 𝑃𝑃𝑃𝑃3̃ + ⋯ (1) 
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Where P( |O E ) indicates the probability of  occurring O 
if E occurs. P(O ) indicates the probability of occurrence of 
O. P( |E O ) also indicates the probability of occurring E if O 
occurs.

2- 3- Outputs
The last category is related the outputs of the proposed 

model, which include the total cost, the total duration, and 
also total quality of the project with their probabilities for dif-
ferent scenarios.

3- Fuzzy BN model development for an application 
example 

In order to depict the application and efficiency of the 
proposed model, a modified numerical example from the re-
search of Ghosh et al. [2] is adopted and solved in this sec-
tion. This example displays a project whose information is 
given in Table 2. Table 2 presents the names of the activities 
and their predecessors, the normal and crashed duration of the 
activities, as well as the cost and quality of the activities in the 
normal and crashed conditions.

According to the project information, Figure 2 depicts BN 
related to this project. In this network, variables (cost, time, 
and quality) related to all activities are located in the nodes. 
Activity cost nodes A and B (Cost of A, Cost of B) are the root 
nodes and the probabilities of the other nodes are calculated 
as conditional probabilities. In this network, mentioning two 

Table 2. Example informationTable 2. Example information 
 

Quality (%) Cost ($) Duration (day) 
Predecessor  Activity  

Crashed  Normal  Crashed  Normal  Crashed  Normal  
95 
85 90 

8000 
10000 7500 3 5  - A 

90 95 18000 12000 7 8 - B 
95 
90 
85 

85 
5400 
6000 
7000 

2000 2 5 A,B C 

95 
85 90 50000 

60000 35000 15 17 A,B D 

- 100 - 20000 - 9 B E 
90 
80 85 85000 

90000 60000 22 
20 25 C,D,E F 
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Cost of A Cost of B

Time period of A

Quality of A

Time period of B

Quality of B

Cost of D

Time period of D Quality of D

Cost of C

Time period of C

Quality of C

Cost of E

Time period of E

Quality of E

Cost of F

Time period of F

Quality of F

Total_TimeTotal_Cost

 
Fig. 2. BN of the instance project 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. BN of the instance project

points is vital. First, we must know that the time period of an 
activity is based on the cumulative time derived from the pre-
decessors of that activity. The second point concerns the rela-
tionships between activities, so that, for example, if an activ-
ity has two predecessors and one predecessor in all cases has 
a maximum time, we avoid mentioning another predecessor. 
For example, activity C, has two predecessors A and B, which 
activity B has the maximum of time in all cases (normal and 
crashed), so the relationship between A and C is not drawn.

Now, the opinions of each expert in order to determine 
root nodes probabilities and also conditional probabilities of 
other nodes are gathered in form of trapezoidal fuzzy num-
bers. For example Table 3 depicts probabilities of cost of ac-
tivity C (cost of C node). This node has two parent nodes 
(cost of A and cost of B). Each expert determines probability 
of each state of cost C. 

In the next step, all opinions regarding the weight of each 
expert are aggregated by Eq. (1) and presented in Table 4.    

Afterward, aggregated possibilities are defuzzified by Eq. 
(2). Then, the aggregated possibilities are converted into final 
probability by Eq. (3). Ultimately, defuzzified values of ag-

gregated probabilities are normalized by Eq. (4) and applied 
for calculations in BN. Table 5 depicts the defuzzified ag-
gregated possibilities and probabilities. Indeed, If the costs of 
‘A’ and ‘B’ be $7500 and $12000, respectively, there is a 92% 
chance of Cost C having the value $7,000, an 7.5% chance for 
the value $6,000, a 0.4% chance of the value $5,400, and a 
0.1% chance of the value $2,000. The sum of the probabilities 
in a row is 100%. 

Table 6 shows the results of the proposed model. All cal-
culations are performed by Netika software. In this model, 
calculations have been performed for different scenarios. 
In the first scenario, all activities are in maximum crashing 
mode. The whole project’s maximum cost and minimum time 
are obtained in this case. In the second scenario, all activi-
ties are performed at their normal time and cost, in which 
the maximum time and minimum cost are calculated. In the 
third scenario, the completion time and cost of the project are 
computed for the situation where the maximum quality of the 
project is considered. In the last scenario, the cost and time of 
the whole project are calculated in a favorable state.
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Table 3. Cost of C node
 

Table 3. Cost of C node 
 

Cost of 
A 

Cost of 
B 

Possibility (%) of states of cost of C 
7000 6000 5400 2000 

7500 12000 
𝐷𝐷𝐷𝐷1: (47,49,52,57) 
𝐷𝐷𝐷𝐷2: (44,45,48,50) 
𝐷𝐷𝐷𝐷3: (49,53,55,60) 

𝐷𝐷𝐷𝐷1: (20,24,27,30) 
𝐷𝐷𝐷𝐷2: (25,28,31,33) 
𝐷𝐷𝐷𝐷3: (15,17,19,22) 

𝐷𝐷𝐷𝐷1: (5,8,10,11) 
𝐷𝐷𝐷𝐷2: (10,13,14,18) 
𝐷𝐷𝐷𝐷3: (7,9,12,17) 

𝐷𝐷𝐷𝐷1: (4,6,7,10) 
𝐷𝐷𝐷𝐷2: (5,8,11,13) 
𝐷𝐷𝐷𝐷3: (6,7,10,13) 

7500 18000 
𝐷𝐷𝐷𝐷1: (13,15,17,19) 
𝐷𝐷𝐷𝐷2: (14,17,20,21) 
𝐷𝐷𝐷𝐷3: (15,17,19,20) 

𝐷𝐷𝐷𝐷1: (22,24,26,28) 
𝐷𝐷𝐷𝐷2: (20,22,25,27) 
𝐷𝐷𝐷𝐷3: (18,23,25,27) 

𝐷𝐷𝐷𝐷1: (16,18,20,23) 
𝐷𝐷𝐷𝐷2: (22,24,25,26) 
𝐷𝐷𝐷𝐷3: (25,28,30,32) 

𝐷𝐷𝐷𝐷1: (34,38,42,45) 
𝐷𝐷𝐷𝐷2: (33,35,38,40) 
𝐷𝐷𝐷𝐷3: (37,39,43,45) 

8000 12000 
𝐷𝐷𝐷𝐷1: (45,47,51,53) 
𝐷𝐷𝐷𝐷2: (39,43,48,53) 
𝐷𝐷𝐷𝐷3: (52,54,55,59) 

𝐷𝐷𝐷𝐷1: (17,20,22,25) 
𝐷𝐷𝐷𝐷2: (17,19,21,23) 
𝐷𝐷𝐷𝐷3: (15,18,20,21) 

𝐷𝐷𝐷𝐷1: (15,18,19,20) 
𝐷𝐷𝐷𝐷2: (10,14,15,16) 
𝐷𝐷𝐷𝐷3: (13,15,17,19) 

𝐷𝐷𝐷𝐷1: (6,7,8,9) 
𝐷𝐷𝐷𝐷2: (8,10,12,14) 
𝐷𝐷𝐷𝐷3: (5,7,9,11) 

8000 18000 
𝐷𝐷𝐷𝐷1: (10,12,14,16) 
𝐷𝐷𝐷𝐷2: (8,10,11,12) 
𝐷𝐷𝐷𝐷3: (17,19,20,21) 

𝐷𝐷𝐷𝐷1: (19,22,24,26) 
𝐷𝐷𝐷𝐷2: (19,21,23,25) 
𝐷𝐷𝐷𝐷3: (14,15,16,18) 

𝐷𝐷𝐷𝐷1: (24,25,26,28) 
𝐷𝐷𝐷𝐷2: (26,27,29,30) 
𝐷𝐷𝐷𝐷3: (28,29,30,31) 

𝐷𝐷𝐷𝐷1: (36,39,41,42) 
𝐷𝐷𝐷𝐷2: (38,41,44,46) 
𝐷𝐷𝐷𝐷3: (29,33,35,38) 

10000 12000 
𝐷𝐷𝐷𝐷1: (33,36,38,39) 
𝐷𝐷𝐷𝐷2: (30,32,36,37) 
𝐷𝐷𝐷𝐷3: (29,33,35,38) 

𝐷𝐷𝐷𝐷1: (16,18,20,21) 
𝐷𝐷𝐷𝐷2: (9,11,13,17) 
𝐷𝐷𝐷𝐷3: (11,14,16,17) 

𝐷𝐷𝐷𝐷1: (16,18,20,21) 
𝐷𝐷𝐷𝐷2: (12,14,15,18) 
𝐷𝐷𝐷𝐷3: (14,16,17,19) 

𝐷𝐷𝐷𝐷1: (29,33,35,38) 
𝐷𝐷𝐷𝐷2: (36,38,39,40) 
𝐷𝐷𝐷𝐷3: (30,33,36,39) 

10000 18000 
𝐷𝐷𝐷𝐷1: (4,6,8,10) 
𝐷𝐷𝐷𝐷2: (8,11,13,15) 
𝐷𝐷𝐷𝐷3: (5,8,11,12) 

𝐷𝐷𝐷𝐷1: (18,20,22,24) 
𝐷𝐷𝐷𝐷2: (12,15,17,20) 
𝐷𝐷𝐷𝐷3: (20,21,23,24) 

𝐷𝐷𝐷𝐷1: (26,28,30,31) 
𝐷𝐷𝐷𝐷2: (24,26,29,32) 
𝐷𝐷𝐷𝐷3: (28,30,32,34) 

𝐷𝐷𝐷𝐷1: (36,38,39,43) 
𝐷𝐷𝐷𝐷2: (37,39,43,45) 
𝐷𝐷𝐷𝐷3: (29,31,34,38) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Aggregated possibility of states of cost of CTable 4. Aggregated possibility of states of cost of C 
 

Cost 
of A 

Cost 
of B 

Aggregated possibility (%) of states of cost of C 
7000 6000 5400 2000 

7500 12000 (46.7,49,51.7,55.8)* (20,23.1,25.8,28.5) (7.1,9.8,11.8,14.9) (4.9,6.9,9.1,11.8) 
7500 18000 (13.9,16.2,18.5,19.9) (20.2,23.1,25.4,27.4) (20.5,22.8,24.5,26.6) (34.6,37.4,41.1,43.5) 
8000 12000 (45.3,47.9,51.3,54.8) (16.4,19.1,21.1,23.2) (12.9,15.9,17.2,18.5) (6.3,7.9,9.5,11.1) 
8000 18000 (11.5,13.5,14.9,16.3) (17.5,19.6,21.3,23.3) (25.8,26.8,28.1,29.5) (34.5,37.8,40.1,42) 
10000 12000 (30.9,33.9,36.5,38.1) (12.4,14.7,16.7,18.6) (14.2,16.2,17.6,19.5) (31.4,34.5,36.5,38.9) 
10000 18000 (5.5,8.1,10.4,12.1) (16.8,18.8,20.8,22.8) (26,28,30.3,32.2) (34.2,36.2,38.7,42.1) 

 
*𝐴𝐴𝐴𝐴𝐴̃𝐴=(0.4)⨂(47,49,52,57) + (0.3)⨂(44,45,48,50) + (0.3)⨂ (49,53,55,60)= (46.7,49,51.7,55.8) 
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 As can be seen in Figure 3, in maximum crashing mode, 
the duration and total cost of the project are 42 days and 
205000$, respectively. In fact, this time is minimum com-
pletion time of the project with maximum cost. On the other 
side, in normal time mode, the duration of the project is 50 
days and total cost is 136500$. The minimum cost occurs in 
this mode. In maximum quality mode, the duration and total 
cost of the project are 46 days and 180000$. Ultimately, the 
results of favorable decisions of experts are located in favor-
able mode,      

In order to evaluate the obtained results, the introduced 
project is compared with one of the old and common meth-
ods of project management, called Program Evaluation and 
Review Technique (PERT). PERT considers optimistic, pes-
simistic, and most likely values in calculations. Then, to de-
termine the expected value, Eq. (6) is introduced:

𝐴𝐴𝐴𝐴𝐴̃𝐴=𝑊𝑊1⨂ 𝑃𝑃𝑃𝑃1̃ + 𝑊𝑊2⨂ 𝑃𝑃𝑃𝑃2̃ + 𝑊𝑊3⨂ 𝑃𝑃𝑃𝑃3̃ + ⋯ (1) 

 
Defuzzified value (DFPs) = 
 

 13
((𝐴𝐴𝐴𝐴𝐴𝐴)4+(𝐴𝐴𝐴𝐴𝐴𝐴)3)2−((𝐴𝐴𝐴𝐴𝐴𝐴)4×(𝐴𝐴𝐴𝐴𝐴𝐴)3)−((𝐴𝐴𝐴𝐴𝐴𝐴)1+(𝐴𝐴𝐴𝐴𝐴𝐴)2)2+((𝐴𝐴𝐴𝐴𝐴𝐴)1×(𝐴𝐴𝐴𝐴𝐴𝐴)2)

(𝐴𝐴𝐴𝐴𝐴𝐴)4+(𝐴𝐴𝐴𝐴𝐴𝐴)3−(𝐴𝐴𝐴𝐴𝐴𝐴)1−(𝐴𝐴𝐴𝐴𝐴𝐴)2
 

 
(2) 

  

iPr =
1   0

10
0    0 

K if Ps

if Ps

  
 
 = 

     K=2.301*

1
3100 i

i

DFPs
DFPs

  −
  
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(3) 

Normalized probability (NPr)= 
 

𝑃𝑃𝑃𝑃𝑖𝑖
∑ 𝑃𝑃𝑃𝑃𝑖𝑖

𝑛𝑛
𝑖𝑖

× 100  , 𝑖𝑖 = 1, … , 𝑛𝑛 

 
(4) 

 

(5) P(𝑂𝑂𝑖𝑖|𝐸𝐸)= 𝑃𝑃(𝐸𝐸|𝑂𝑂𝑖𝑖)∗𝑃𝑃(𝑂𝑂𝑖𝑖)
∑ 𝑃𝑃(𝐸𝐸|𝑂𝑂𝑗𝑗)𝑗𝑗 𝑃𝑃(𝑂𝑂𝑗𝑗) 

 

(6) Expected value = 
 
 (optimistic value + 4× most likely value + pessimistic value)

6  
 

 

 (6)

Table 5. Defuzzified aggregated possibility and probability of states of cost of C
Table 5. Defuzzified aggregated possibility and probability of states of cost of C 

 

Cost 
of A 

Cost 
of B 

Defuzzified aggregated 
possibility (%) of states 

of cost of C 
K 

Defuzzified aggregated 
probability (%) of states 

of cost of C 

7000 6000 5400 2000 7000 6000 5400 2000 7000 6000 5400 2000 

7500 12000 50.88* 24.33 10.92 8.2 2.27 3.36 4.63 5.15 92 7.5 0.4 0.1 
7500 18000 17.09 23.98 23.59 39.13 3.89 3.38 3.4 2.67 4 13 13 70 
8000 12000 49.86 19.92 16.04 8.7 2.3 3.66 3.99 5.03 93.8 4 2 0.2 
8000 18000 14.02 20.42 27.56 38.53 4.21 3.62 3.17 2.69 2 8 22 68 
10000 12000 34.79 15.58 16.87 35.29 2.84 4.04 3.92 2.82 45 3 4 48 
10000 18000 8.99 19.8 29.12 37.86 4.98 3.67 3.09 2.71 0.4 7 27 65.6 

 
*Defuzzified value (DFPs) = 

 13
(55.8+51.7)2−(55.8×51.7)−(46.7+49)2+(46.7×49)

55.8+51.7−46.7−49 = 50.88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. The results of different scenarios using fuzzy BN modelTable 6. The results of different scenarios using fuzzy BN model 
 

Favorable state Best quality Normal time Fully crashed Node 
8000 8000 7500 10000 Cost of A 

4 4 5 3 Time period of A 
95 95 90 85 Quality of A 

18000 12000 12000 18000 Cost of B 
7 8 8 7 Time period of B 

90 95 95 90 Quality of B 
6000 5400 2000 7000 Cost of  C 
10 12 13 9 Time period of C 
90 95 85 85 Quality of C 

50000 50000 35000 60000 Cost of D 
23 25 25 22 Time period of D 
95 95 90 85 Quality of D 

20000 20000 20000 20000 Cost of E 
16 17 17 16 Time period of E 

100 100 100 100 Quality of E 
60000 85000 60000 90000 Cost of F 

48 50 50 42 Time period of F 
85 90 85 80 Quality of F 
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As can be seen in table 7, an activity with fractional ex-
pected time is rounded and then, corresponding cost and qual-
ity of that activity is determined. As a result, the total time, 
cost, and quality of the project with PERT are computed 46, 
181000, and 94.17 respectively. The proposed BN has advan-
tages over PERT:

1- In the proposed BN, it is possible to simultaneously 
model time, cost, and quality and to simultaneously deter-
mine event probabilities, but in PERT, only the time criterion 
is discussed, and other criteria are determined according to 
the activity time.

2- In the presented BN, the results are reported with con-
sidering uncertainty until the last stage, and the project man-
ager knows with what probabilities the time, cost, and quality 
of the project will occur, but in PERT, in the first stage, the 

uncertain parameters become a crisp number. It may cause 
data loss.

3- In the presented BN, in addition to considering the 
predecessors’ relations of activities that are also considered 
in PERT, it can consider the interrelationship between time, 
cost, and quality of various activities (nodes).

4- In the presented BN, different probability distributions 
can be considered for the uncertain parameters, while only 
one mode is possible in PERT.

5- The presented BN is an efficient method when there 
is sufficient data to determine the distributions of uncertain 
parameters and when there is no historical data. When there 
is no historical data, it can create effective solutions using 
experts’ opinions and fuzzy sets. Due to the unique inherent 
of projects, the lack of enough data is common.  

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
A. Maximum crashing mode          B. Normal time mode        C. Maximum quality mode         D. Favorable 
mode     

 Fig. 3. All calculations for different scenarios in the proposed project 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3. All calculations for different scenarios in the proposed project

Table 7. Solution of the proposed project via PERTTable 7. Solution of the proposed project via PERT 
 

Activity Optimistic 

time 

Most 

likely time 

Pessimistic 

time 

Expected 

time 

Corresponding 

cost 

Corresponding 

quality 

Aggregate 

time 

A 3 4 5 4 8000 95 4 

B 7 7/5 8 7.5 (8) 12000 95 8 

C 2 3 5 3.17 (3) 6000 90 11(8+3) 

D 15 16 17 16 50000 95 24(8+16) 

E 9 9 9 9 20000 100 17(8+9) 

F 20 22 25 22.17 (22) 85000 90 46(24+22) 
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3- 1- Comparative analysis
To depict the advantages of the presented methodology, 

a comparative analysis with a recent paper Ghosh et al. [2] 
that is accounted as the basic paper of this paper is provided. 
In Table 8, the superiorities of the presented methodology 
are clearly expressed in more detail and compared with each 
other.

The presented methodology has some advantages that 
make it powerful and appropriate. In this paper, the quality 
criterion, known as one of the most vital criteria for project 
success, has been considered. Moreover, this methodology 
benefits from the group decision-making process and the 
weight of expert opinion. It can improve the accuracy of the 
results due to considering various aspects of the problem. 
Fuzzy uncertainty is applied to better manage the uncertainty 
of real world and the experts’ vagueness in determining the 
BN model’s probability. 

4- Conclusion and summary
The project scheduling problem is considered as one of the 
most important problems in project management. In this 
paper, a novel approach based on fuzzy Bayesian network 
(BN) was presented to solve the time-cost-quality trade-off 
problem (TCQTP). This approach can schedule a project 
through managing real-world uncertainty. To implement 
the approach, the experts’ opinions, which are in form 
of the trapezoidal fuzzy, according to the weight of each 
expert were applied to calculate the probabilities of root 
nodes and conditional probabilities of other nodes of BN. 
Indeed, the presented approach can both manage the various 
uncertainties of a project associated with the occurrence of 

different scenarios and control the uncertainties that exist in 
the opinions of experts to determine the required probabilities 
of BN. On the other hand, the proposed fuzzy BN approach, 
unlike many previous approaches that relied severely upon 
historical data, can work with historical data as well as 
expert opinions. Furthermore, the existence of an active 
system in order to implement the necessary changes with the 
emergence of the effects of new factors, the possibility of the 
existence of discrete and continuous variables in the model, 
and also the possibility of considering different distributions 
are the other advantages of the presented methodology. To 
demonstrate the application and efficiency of the proposed 
model, a modified project example from the literature review 
was selected and solved by the proposed approach. All results 
were calculated using Netica software for four scenarios fully 
crashed, normal time, best quality, and favorable state. The 
results obtained can be so helpful for project managers, since 
they achieve comprehensive information about the time, cost, 
and quality of the project in different situations and scenarios. 
To verify the proposed methodology, the computed results 
were compared with the PERT approach. To develop this 
research, it is worth mentioning that one of the problems 
in managing projects is an accurate estimation of project 
parameters, which are also known as model inputs. In order 
to develop this research, it is required to provide the model 
with an accurate estimation method for the input parameters. 
Moreover, other components for ensuring project success 
such as project resources can be inserted into the model. A 
dynamic BN can be applied to solve the introduced problem. 
Finally, other approaches except experts’ opinions approach 
can also be applied to calculate probabilities in BN.

Table 8. A summary of the advantages of the presented method and comparative analysis with Ghosh et al. [2] 1. 
Table 8. A summary of the advantages of the presented method and comparative analysis with Ghosh et al. 

[2] 
 

Aspects of the comparisons Results of the comparisons 

Quality criterion  
In the presented methodology, the quality criterion as a vital criterion in 
project success is considered, but Ghosh et al. [2] did not consider this 
important subject.   

Considering group decision-making 

Considering a set of experts, instead of individual expert, can result 
more accurate decisions, since they can comprehensively control 
various aspects of the decision-making process and create fair and 
reasonable evaluation results. Ghosh et al. [2] did not pay attention to 
this note. 

Weight of each expert 
It is important to compute the weight of each DM in a group decision-
making due to the achievement of better solutions. Ghosh et al. [2] did 
not pay attention to this note. 

Fuzzy uncertainty 

One of the novelties of this method is to consider fuzzy uncertainty 
instead of crisp values to address the probability of the BN model. This 
action can better express the doubts of expert opinions and better handle 
the group decision-making process due to advantages of fuzzy concepts. 
Ghosh et al. [2] did not consider this important subject.    
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Appendix 1:
In a group decision-making process, various experts were 
different in their knowledge structure, ability, and experience. 
Consequently, considering the weight of experts’ opinions 
can cause more reliable results. In this paper, first, ten 
prominent experts who had both research backgrounds and 
work experiences have been selected. All experts have both 
high academic experience and industrial experience in project 

management. In the next step, the three experts with upper 
scores regarding operational experience, work experience, 
managerial job responsibility, and research background are 
determined. The scores range from 1 to 10. Ultimately the 
project manager determines the weight of opinion for each 
DM according to the obtained average score. These three 
different experts have been able to consider the various 
aspects of a problem and there is not any bias in the results.

Table 1. Scores of each expert 
 
 

16 
 

 Operational 
experience 

Work 
experience 

Managerial job 
responsibility 

Research 
experience 

Average  

Ex1 5 7 6 6 6 
Ex2 8 7 9 10 8.5 
Ex3 4 8 6 7 6.25 
Ex4 6 6 6 8 6.5 
Ex5 9 5 5 6 6.25 
Ex6 5 5 5 6 5.25 
Ex7 7 6 5 4 5.5 
Ex8 6 10 7 8 7.75 
Ex9 7 6 7 7 6.75 
Ex10 10 10 8 9 9.25 

 


