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Abstract 
Multi-mode resource-constrained project scheduling problem (MRCPSP) is one 

of the most important extensions of the basic RCPSP. In this paper, a new 

mathematical model for MRCPSP is presented with a time-quality trade-off 
approach. The model has two objectives, the first objective minimizes the 

project completion time, and the second objective maximizes the project quality 

while the quality of activities can be increased based on the reworking. In 
addition, in the presented model, total available resources, including renewable 

and non-renewable, are decision variables. The quality and duration of project 

activities are interval forms. For this purpose, a new expert weighting method 

based on interval information is presented to unify the experts’ views. The 
group decision-making method applies a bi-directional projection measure to 

the positive ideal solution and two negative ideal solutions. Moreover, a new 

extended interval-fuzzy solution method based on goal programming is 
proposed to deal with the interval information and mathematical model 

objectives. The presented mathematical model and group decision-making 

method are solved with a dataset, and some sensitivity analyses are reported. 

Keywords: MRCPSP, group decision-making method, bi-directional projection 
measure, interval information, reworks 

 

1-Introduction 
   People often encounter huge decision-making challenges with respect to the field of scientific 

management, engineering disciplines, and our daily life (Tian et al., 2016; Peng and Liu, 2017; Zavadskas 

et al., 2017; Deli, 2015; Birjandi et al., 2019). Group decision-making (GDM) is defined as the act of 

making decisions by a group of decision-makers (DMs) faced by a decision-making problem. GDM is 
necessary due to increasing complexity in many real decision situations (Baudry et al., 2018; Yue, 2018). 

Nowadays, the GDM has been transformed into a universal and essential attribute in human communities. 

In fact, GDM is now considered as an inseparable component of modern decision and operational studies 
(e.g., Dorfeshan et al., 2019, 2020; Moghiseh et al., 2019; Mohagheghi et al., 2019a,b; Haghighi et al., 

2019).  
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   The DMs are usually specialized in various academic disciplines. Therefore, each DM owns distinctive 
attributes, with respect to knowledge, skills, experience, and personality. That is why each DM usually 

has contrasting attitudes and inconsistent impacts on overall decision results, i.e., each DM influences on 

the outcome asymmetrically. Hence, the various ways in which weights of DMs are measured are 

promising and important research topics which have been receiving more and more attention. The nature 
of the problem, context, and authenticity of DMs are among primary influential factors on the quality of 

the decision-making processes in the problem area (Wang et al., 2013). As increasing in the complexity of 

socio-economic environment, it becomes harder for a DM to confront all the respective features of an 
obstacle (Dey et al., 2017). Many decision-making obstacles must arise in a group environment with 

respect to the real world. More complications will emerge in the analysis by moving from a DM to 

multiple DMs. As a result, approaches associated with group decision-making (GDM) problems have 
been recently in the center of convergence among scholars (Yang and Du, 2015; Hancerliogullari et al., 

2017; Liao et al., 2017). 

   Among existing GDM approaches, projection measure has been advantageous in terms of taking both 

the distance and the included angle among evaluated alternatives. TOPSIS, as a pretty straightforward 
MCDA method, is an acronym that represents technique for order preference by similarity to ideal 

solution (Chen, 2015; Hwang and Yoon, 1981). TOPSIS is a standard methodology in decision science 

and GDM solutions, in which the positive and negative ideal decision(s) are designated (Yue, 2014; 
2017). The Euclidean and Hamming distances are the most common measures (Das and Kar, 2014). In 

essence, the projection measure (Tsao and Chen, 2016; Yue, 2014; 2015; 2017), as a more comprehensive 

consideration for measuring the separation, highlights the angle between two decision objectives. The 
projection measure in decision science is implemented when a vector/matrix is close to another (Tsao and 

Chen, 2016; Yue and Jia, 2015). Projection methods have been greatly investigated by researchers (Zhang 

et al., 2013) and effectively employed to many multi-attribute decision-making (MADM) problems 

(Chen, 2016). To illustrate, two projection models in uncertain MADM context and a projection-based 
compromising method for MADM with interval-valued intuitionistic fuzzy information were suggested 

by Xu and Da (2004) and Tsao and Chen (2016), respectively. In addition, Xu and Hu (2010) and Wang 

et al. (2012) explored projection model-based strategies to MADM with intuitionistic fuzzy information. 
   The subjects of GDM are mainly complicated, questionable, and constrained to experts’ knowledge and 

personal impression. It is sometimes challenging to quantify the corresponding features. Accordingly, 

their values should be considered as intervals (Yue, 2012). For instance, Liu (2017) proposed two GDM 

methods based on interval-valued intuitionistic fuzzy power Heronian aggregation operators. Besides, 
Yue (2016) simulated a geometric approach to categorize interval-valued intuitionistic fuzzy numbers 

(IVIFNs) which were applied to GDM problems. Liu et al. 2018 solved the GDM problem with the 

interval information in the weight of attributes. Nguyen (2016) also introduced a new interval-valued 
knowledge measure for interval-valued intuitionistic fuzzy sets and implementing in GDM. Determining 

the weight of the DMs where the individual decisions are interval is presented by Yang et al. (2018). 

Besides, Liu (2016) used the VIKOR to solve the GDM problem where the numbers are interval. Interval 
numbers are suitable for the papers with the hybrid information (Yue, 2018) or heterogeneous GDM 

problems (Yu et al., 2018). In most of the GDM with the interval information, the positive ideal solution 

is considered. But in Yue (2019) the positive ideal solution and two negative ideal solutions are used to 

evaluate the normalized projection of individual decisions. In this paper, bidirectional projection is used 
to measure the relative closeness to the individual decisions. 

   Project scheduling problem (PSP), as one of the most essential constituents in project management, 

guarantees the success of the project in terms of project final cost and makespan (Birjandi and Mousavi, 
2019a). Boosting the project scheduling is considered as a delicate task owing to its required activities 

and demanding resources. Recently, implementation of the project scheduling has been intensified in 

some industry sectors, such as engineering, production, maintenance, and construction. Fulfilling the 
activities’ preference and assigning the adequate resources would usually result from scheduling with 

finite resources. The estimated and expected times for each activity’s employment during the planning 
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phase are not often matched. Nevertheless, it is crucially important to specify a time for implementation 
of each activity in the project management since it is advantageous for the makespan (Turner et al., 1999). 

   Minimizing the total project duration or makespan as a result of scheduling activities’ goals to resource 

and technological impediments is the standard problem in the context of project scheduling (Wuliang and 

Chengen, 2009). This is also known as the resource-constrained project scheduling problem (RCPSP). 
RCPSP and its extended versions have been studied since the 1960s and considered as one of the most 

broadly-studied scheduling problems (Muritiba et al., 2018). Precedence- and resource-feasible schedule 

have been introduced as a solution to the RCPSP, in which the makespan of a project is extensively 
shortened. RCPSP’s fundamental assumption states that continuous activities are non-preemptable. 

   The idea of multi-mode resource-constrained project scheduling problem (MRCPSP) is one of the well-

studied RCPSP-derived concepts. In fact, MRCPSP implies that activities are able to be accomplished in 
various execution modes (i.e., duration and resource requirements combinations).  A single mode per 

activity is chosen, and the project makespan is minimized subject to precedence relations and 

(non)renewable resource limitations. Minimum makespan must include a list of all activities in the 

MRCPSP. In addition, the limitations of activities precedence, non-renewable resource consumption, and 
allocation of renewable resources need to be considered in minimum makespan (Muritiba et al., 2018). 

For more information on the MRCPSP, please see Weglarz et al. (2011). 

   The goal for more than 90% of project managers is maximizing projects’ characteristic and their results. 
Consistency between a project's outcome and customer's requirements is evaluated by project managers to 

validate projects’ qualifications. They also measure to what extend the project completes within the 

defined budget and on schedule. To achieve the latter goal, project managers attempt to remove the 
modification with respect to poorly accomplished activities. In the traditional RCPSP formulations, on the 

other hand, the overall assumption claims that work will be finished as scheduled and that modification 

won’t be necessary. Nevertheless, this assumption is not distinctly coherent, considering many modern 

projects. Project managers reported (Icmeli-Tukel and Rom, 1997) at least one inconsistent activity in 
their implemented projects which should be modified. Although modifications or reworking as it is 

widely known is one of the important issues in project scheduling, there are still limited studies associated 

with it. These studies are required, especially when outcomes of an activity deviate from its presupposed 
qualifications, non-comparative cases, or defect (Arditi and Pattanakitchamroon, 2006). The effect of 

rework on schedule delays was investigated by Hegazy et al. (2011). They also suggested following an 

optimized strategy to support decisions on cost-effective corrective action strategy. In addition, Hwang et 

al. (2009) evaluated the impact of rework on construction cost performance for a broad spectrum of 
projects. 

   Overlapping-oriented quality problems are removed by implementing modifications to correct design 

flaws emerging from incomplete data.  Previous studies have accounted for quality as an essential agent 
in trade-off problems, stating that overall project quality achieved by project activities should be 

maximized within the required deadline and budget. Implementing a continuous scale from zero to one to 

determine the quality of each activity has also been elevated by such studies (Babu and Suresh, 1996; 
Tareghian and Taheri, 2006). Correlation between time, cost, and quality objectives calculated by a set of 

functions exist in the continuous trade-off problems. By the time research attempts to progress in the field 

and practical needs arise, researchers start focusing on the enhancement of methodologies to resolve the 

segregated time-cost trade-off problems (DTCTPs) (Hazır et al., 2011; Sonmez and Bettemir, 2012; 
Wuliang and Chengen, 2009; Xu et al., 2012). Generally, a decrease either in time or cost, on the other 

hand, declines the project quality (Cheng et al., 2016). 

   In this paper, a new decision-making method is presented. The presented GDM method is developed 
based on the bidirectional projection measure. Projection-based methods in the deterministic 

environment, and the uncertainties are essential parts of any project, so in this paper, the extended 

projection-based GDM is presented using interval numbers, where the duration and quality of activities 
are interval. These parameters are determined by extended GDM method by considering positive ideal 

solution and two negative ideal solutions. In addition, a new MRCPSP model with time-quality trade-off 

is proposed. In the mathematical model, the quality of activities can be increased by reworking. The 
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presented model is solved with a new extended interval-fuzzy solution method. The combination of 
decision-making method and mathematical model with interval information is a new context that this 

paper has brought up.  

   The rest of the study is organized as follows: in section 2, some preliminary definitions are defined. 

Next, section 3 describes the decision-making procedure. In section 4, the problem definition is proposed. 
After that the result of the solved model is presented in section 5. Then, sensitivity analyses are presented 

in section 6. Finally, the concluding is proposed in section 7. 

 

2-Preliminary 
   In this section, some basic definitions regarding bidirectional projection between interval numbers 
which are useful in this paper are provided.  

 

Definition 1. Let 𝑎 = [𝑎𝑙 , 𝑎𝑢] = {𝑥|𝑎𝑙 ≤ 𝑥 ≤ 𝑎𝑢}, then 𝑎 is known as an interval number. In addition, 𝑎 

is a positive interval number if  0 ≤ 𝑎𝑙 ≤ 𝑥 ≤ 𝑎𝑢, and the 𝑎 is a real number if 𝑎𝑙 = 𝑎𝑢. 

 

Definition 2. Let 𝑎 = {[𝑎1
𝑙 , 𝑎1

𝑢], … , [𝑎𝑛
𝑙 , 𝑎𝑛

𝑢]} and 𝑏 = {[𝑏1
𝑙 , 𝑏1

𝑢], … , [𝑏𝑛
𝑙 , 𝑏𝑛

𝑢]} be two interval vectors, then  

1. ‖𝑎‖ = √∑ [(𝑎𝑗
𝑙)
2
+ (𝑎𝑗

𝑢)
2
]𝑛

𝑗=1  and ‖𝑏‖ = √∑ [(𝑏𝑗
𝑙)
2
+ (𝑏𝑗

𝑢)
2
]𝑛

𝑗=1  are the module of 𝑎 and 𝑏. 

2. 𝑎. 𝑏 = ∑ (𝑎𝑗
𝑙𝑏𝑗
𝑙 + 𝑎𝑗

𝑢𝑏𝑗
𝑢) 𝑛

𝑗=1  is the inner product between 𝑎 and 𝑏. 

3. cos(𝑎, 𝑏) =
𝑎.𝑏

‖𝑎‖ ‖𝑏‖
 is called the cosine of the included angle between 𝑎 and 𝑏. 

4. The projection of vector 𝑎 on the vector 𝑏 is 𝑃𝑟𝑜𝑗𝑏(𝑎) = ||𝑎|| cos(𝑎, 𝑏). 

 

Definition 3. Let 𝑎 = {[𝑎1
𝑙 , 𝑎1

𝑢], … , [𝑎𝑛
𝑙 , 𝑎𝑛

𝑢]} and 𝑏 = {[𝑏1
𝑙 , 𝑏1

𝑢], … , [𝑏𝑛
𝑙 , 𝑏𝑛

𝑢]} be two interval vectors,then 

the bidirectional projection is obtained as follows: 

𝐵𝑃𝑟𝑜𝑗𝑏(𝑎) =
1

1+|
𝑎.𝑏

||𝑎||
−
𝑎.𝑏

||𝑏||
|
=

‖𝑎‖‖𝑏‖

‖𝑎‖‖𝑏‖+|‖𝑎‖−‖𝑏‖|𝑎.𝑏
  , (1) 

Where 𝑎. 𝑏 is the inner product, and  ‖𝑏‖ and ‖𝑎‖ are the modules of 𝑎 and 𝑏. 

 

3-Decision making method  
   In this section, an extended method for the multiple criteria group decision-making problems with the 

interval information by using the bidirectional projection based on Yue (2019) is presented.  In the  

multiple attribute group decision-making problems  with the interval information, let 𝐴 =
{𝐴1, 𝐴2, . . . . . . , 𝐴𝑚} be a set of alternatives, 𝐶 = {𝐶1 , 𝐶2 , . . . . . . , 𝐶𝑛} be the set of  criteria, and 𝐷 =
{𝐷1, 𝐷2, . . . . . . , 𝐷𝑡} be the set of  DMs. The DM k (𝑘 = {1,2, … , 𝑡}) provide the evaluation of criteria J (𝐽 =

{1,2, … , 𝑛}) for the alternative I (𝐼 = {1,2, …𝑚}) by using the interval date which is shown as 𝑥𝑖𝑗
𝑘 =

[𝑥𝑖𝑗
𝑘𝑙 ,𝑥𝑖𝑗

𝑘𝑢]. Thus the decision matrix with the interval numbers for the 𝑘𝑡ℎ DM is called �̅�𝑘 and established 

as follows: 

 

�̅�𝑘 = (�̅�𝑖𝑗
𝑘 )

𝑚×𝑛
=

[
 
 
 
[𝑥11
𝑘𝑙 , 𝑥11

𝑘𝑢] [𝑥12
𝑘𝑙 , 𝑥12

𝑘𝑢] … [𝑥1𝑛
𝑘𝑙 , 𝑥1𝑛

𝑘𝑢]

[𝑥21
𝑘𝑙 , 𝑥21

𝑘𝑢]
⋮

[𝑥𝑚1
𝑘𝑙 , 𝑥𝑚1

𝑘𝑢 ]

[𝑥22
𝑘𝑙 , 𝑥22

𝑘𝑢] …
⋮          

[𝑥𝑚2
𝑘𝑙 , 𝑥𝑚2

𝑘𝑢 ] …

[𝑥2𝑛
𝑘𝑙 , 𝑥2𝑛

𝑘𝑢]
⋮

[𝑥𝑚𝑛
𝑘𝑙 , 𝑥𝑚𝑛

𝑘𝑢 ]]
 
 
 

 , (2) 
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   The weight vector of criteria which is obtained by 𝑘𝑡ℎ DM is  (𝑤1
𝑘 , 𝑤2

𝑘 , … , 𝑤𝑛
𝑘)𝑇  with 𝑤𝑗 ≥ 0 

and ∑ 𝑤𝑗 = 1𝑗 . 

   The normalized decision matrix is dependent on the effect of the criterion on the problem, so the 
decision for the benefit criteria is normalized based on: 

{
  
 

  
 𝑟𝑖𝑗

𝑘𝑙 =
𝑥𝑖𝑗
𝑘𝑙

√∑ (𝑥𝑖𝑗
𝑘𝑢)2𝑚

𝑖=1

 ,

𝑟𝑖𝑗
𝑘𝑢 =

𝑥𝑖𝑗
𝑘𝑢

√∑ (𝑥𝑖𝑗
𝑘𝑙)2𝑚

𝑖=1

 ,

     (3) 

And for the cost criteria the decision is normalized by using  

{
 
 
 
 

 
 
 
 
𝑟𝑖𝑗
𝑘𝑙 =

1
𝑥𝑖𝑗
𝑘𝑢 ⁄

√∑ (1
𝑥𝑖𝑗
𝑘𝑙⁄ )

2

𝑚
𝑖=1

 .

𝑟𝑖𝑗
𝑘𝑢 =

1
𝑥𝑖𝑗
𝑘𝑙 ⁄

√∑ (1
𝑥𝑖𝑗
𝑘𝑢⁄ )

2

𝑚
𝑖=1

 .

      . (4) 

 

The normalized decision matrix is converted to the weighted decision matrix as follows: 

 

�̅�𝑘 = (𝑤𝑗
𝑘�̅�𝑖𝑗

𝑘) = (𝑤j
𝑘𝑟𝑖𝑗

𝑘). (5) 

 

To determine the weight of DMs, the positive ideal decision (PID) is considered as follows: 

  

�̅�∗ = (𝑦𝑖𝑗
∗𝑙 , 𝑦𝑖𝑗

∗𝑢)𝑚×𝑛 , (6) 

Where 𝑦𝑖𝑗
∗𝑙 =

1

𝑡
∑ 𝑦𝑖𝑗

𝑘𝑙𝑡
𝑘=1  and 𝑦𝑖𝑗

∗𝑢 =
1

𝑡
∑ 𝑦𝑖𝑗

𝑘𝑢𝑡
𝑘=1 . 

 

In this paper, two negative ideal decision (NID) are considered. First of all, the minimum decision is 

obtained as follows: 

 

�̅�𝑙 = (𝑦𝑖𝑗
−𝑙 , 𝑦𝑖𝑗

−𝑢)𝑚×𝑛 , (7) 

Where 𝑦𝑖𝑗
−𝑙 = min

𝑘∈𝑇
𝑦𝑖𝑗
𝑘𝑙  and 𝑦𝑖𝑗

−𝑢 = min
𝑘∈𝑇

𝑦𝑖𝑗
𝑘𝑢. 

 

Similarly, the maximum decision is another NID which is determined as follows: 

 

�̅�𝐶 = (𝑦𝑖𝑗
+𝑙 , 𝑦𝑖𝑗

+𝑢)𝑚×𝑛 , (8) 

Where 𝑦𝑖𝑗
+𝑙 = max

𝑘∈𝑇
𝑦𝑖𝑗
𝑘𝑙 and 𝑦𝑖𝑗

+𝑢 = max
𝑘∈𝑇

𝑦𝑖𝑗
𝑘𝑢. 

 

To sum up, the bidirectional projection of all individual decisions are calculated based on follows: 
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𝐵𝑃𝑟𝑜𝑗(�̅�∗, �̅�𝑘) =
‖�̅�∗‖‖�̅�𝑘‖

‖�̅�∗‖‖�̅�𝑘‖ + |‖�̅�𝑘‖ − ‖�̅�
∗‖|�̅�∗. �̅�𝑘

 .   (9) 

𝐵𝑃𝑟𝑜𝑗(�̅�𝑙 , �̅�𝑘) =
‖�̅�𝑙‖‖�̅�𝑘‖

‖�̅�𝑙‖‖�̅�𝑘‖ + |‖�̅�𝑘‖ − ‖�̅�𝑙‖|�̅�𝑙 . �̅�𝑘
 . (10) 

𝐵𝑃𝑟𝑜𝑗(�̅�𝐶 , �̅�𝑘) =
‖�̅�𝐶‖‖�̅�𝑘‖

‖�̅�𝐶‖‖�̅�𝑘‖ + |‖�̅�𝑘‖ − ‖�̅�𝐶‖|�̅�𝐶 . �̅�𝑘
 . (11) 

 

An extended relative closeness is evaluated as follows: 

 

𝑁𝑅𝐶𝑘 =
𝐵𝑃𝑟𝑜𝑗(�̅�

∗
, �̅�𝑘)

𝐵𝑃𝑟𝑜𝑗(�̅�
∗
, �̅�𝑘) + 𝐵𝑃𝑟𝑜𝑗(�̅�𝑙, �̅�𝑘)+ 𝐵𝑃𝑟𝑜𝑗(�̅�𝐶, �̅�𝑘)

 (12) 

 

Each expert’s weight is calculated based on: 

𝜆𝑘 =
𝑁𝑅𝐶𝑘
∑ 𝑁𝑅𝐶𝑘𝑘

 . 
                                    (13) 

 

The weight of DMs is used to build the decision matrix as follows: 

 

𝑌 = ∑ 𝜆𝑘�̅�𝑘
𝑇
𝑘=1 .                                 (14) 

 

To sum up, the procedure of an extended decision-making method is described as follows: 

Step 1. For the interval information, the decision matrix is constructed as shown by equation (2). 

Step 2. The individual decisions are normalized based on equations (3)-(4).  

Step 3. The weighted normalized decision is evaluated based on equation (5). 

Step 4. The positive ideal decision and two negative ideal decisions are formed by equations (6)-

(8). 

Step 5. The bidirectional projection measurement for individual decisions is calculated based on 

equations (9) - (11). 

Step 6. The relative closeness of each DM is evaluated by equation (12). 

Step 7. The DM’s weight is calculated based on equation (13). 

Step 8. The aggregated decision is constructed by equation (14). 

 

 

4- Problem definition 
   The classic MRCPSP aims to allocate resources (i.e., renewable and non-renewable) and schedule the 

project activities to minimize project makespan. The presented mathematical model can be defined as 

follows. A project comprises 𝐼 + 1 activities that each one can be operated in M modes. Note that the 

project start and finish are denoted by dummy activities. The dummy activities have zero duration and do 

not consume any resources. The set of renewable resources is shown by 𝑘 and the total renewable 

resources in the period 𝑡 is referred as 𝑅𝑒𝑠𝑘
𝑡 .  In addition, the non-renewable resources are defined as 𝑙, 

and the total availability of this type of resources is 𝑁𝑙. The value of 𝑅𝑒𝑠𝑘
𝑡  and 𝑁𝑙 unlike the previous 

studies are decision variables. Each activity is operated in the mode v∈ {1,2, … , 𝑉}, so based on its 
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execution mode the activity duration is �̅�𝑖𝑣 , the renewable resource 𝑘 that this activity requires is 𝛼𝑖𝑣𝑘, 

and the non-renewable resource 𝑙 requirement is  𝛽𝑖𝑣𝑙. Besides, the quality level of activities can be 

determined by activity execution mode �̅�𝑖𝑣  and it can be increased by reworking 𝑞𝑤̅̅ ̅̅ 𝑖𝑣.  
 

4-1-Mathematical model formulation 
 

Indices: 

i = 1,2, … , 𝐼 + 1 Set of activities 

v = 1,2, … , V Set of  modes  

𝑡 = 1,2. … , 𝑇 Set of time periods  

k = 1,2. … , K Set of renewable resources 

𝑙 = 1,2. … , 𝐿 Set of non-renewable resources 

Parameters: 

𝐸𝐹𝑖 Earliest finish time of activity 𝑖 
𝐿𝐹𝑖 Latest finish time of activity 𝑖 
�̅�𝑖𝑣 Duration of activity 𝑖 in mode 𝑣 

𝑙𝑔𝑖𝑗 Time lag among activities 

𝛼𝑖𝑣𝑘 Resource requirement of activity 𝑖 operated in mode 𝑣 for renewable-  

resource 𝑘  

𝛽𝑖𝑣𝑙 Resource requirement of activity 𝑖 operated in mode 𝑣 for  

non-renewable resource 𝑘 

𝐿𝐴𝑄̅̅ ̅̅ ̅̅  Minimum acceptable quality of project 

𝑀𝑟𝑖𝑣 Maximum rework of activity  𝑖 in mode 𝑣 

𝑞𝑤̅̅ ̅̅ 𝑖𝑣 Quality of activity 𝑖 in mode 𝑣 after reworking 

𝐸𝐹𝑖 Earliest finish time of activity 𝑖 
𝐿𝐹𝑖 Latest finish time of activity 𝑖 
�̅�𝑖𝑣 Duration of activity 𝑖 in mode 𝑣 

𝛼𝑖𝑣𝑘 Resource requirement of activity 𝑖 operated in mode 𝑣 for renewable-  

resource 𝑘  

𝛽𝑖𝑣𝑙 Resource requirement of activity 𝑖 operated in mode 𝑣 for  

non-renewable resource 𝑘 

𝐿𝐴𝑄̅̅ ̅̅ ̅̅  Minimum acceptable quality of project 

𝑀𝑟𝑖𝑣 The maximum rework of activity  𝑖 in mode 𝑣 

𝑞𝑤̅̅ ̅̅ 𝑖𝑣 Quality of activity  𝑖 in mode 𝑣 after reworking 

�̅�𝑖𝑣 Quality level of activity  𝑖 in mode 𝑣 
 

Decision variables: 

 

 
 

Mathematical model: 

   The proposed mathematical model, aiming to minimize makespan and maximize the project quality, is 

presented as follows: 

 𝑦𝑖𝑣𝑡 1, If activity 𝑖 in mode 𝑣 is finished at 𝑡; otherwise 0 

𝑥𝑖𝑣 1, If activity 𝑖 executed in mode 𝑣; otherwise 0 

𝑅𝑒𝑠𝑘
𝑡  Limited amount of renewable resource 𝑘 at period 𝑡 

𝑁𝑙 Limited amount of available non-renewable resource 𝑙  
𝑅𝑤𝑖𝑣 Rework amount of activity 𝑖 in mode 𝑣 
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𝑀𝑖𝑛 𝑍1 =∑ ∑ 𝑡𝑦𝑖+1,𝑣,𝑡

𝐿𝐹𝑖+1

𝑡=𝐸𝐹𝑖+1

𝑉

𝑣=1

 

 

(15) 

𝑀𝑖𝑛 𝑍2 =
1

𝑁
× (∑∑ ∑ 𝑦𝑖𝑣𝑡�̅�𝑖𝑣 +∑∑𝑞𝑤̅̅ ̅̅ 𝑖𝑣𝑅𝑤𝑖𝑣

𝑉

𝑣=1

𝑁

𝑖=1

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

𝑁

𝑖=1

) 

 

(16) 

 

Subject to: 
 

 

∑ ∑ 𝑦𝑖𝑣𝑡

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

= 1 ; ∀𝑖 (17) 

∑ ∑ 𝑡𝑦𝑖𝑣𝑡

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

≤∑ ∑ (t − 𝑝𝑖𝑣)𝑦𝑖𝑣𝑡

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

 ; ∀(𝑖. 𝑗) ∈ 𝑃 (18) 

∑ ∑ 𝑡𝑦𝑖𝑣𝑡 + 𝑙�̅�𝑖𝑗

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

+ 𝑅𝑤𝑖𝑣

𝑉

𝑣=1

≤∑ ∑ (𝑡 − �̅�𝑖𝑣)𝑦𝑖𝑣𝑡

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

 

; ∀(𝑖. 𝑗) ∈ 𝑃, 
 

(19) 

 

∑∑𝛼𝑖𝑣𝑘 ∑ 𝑦𝑖𝑣𝑏

min {𝑡+�̅�𝑖𝑣−1,𝐿𝐹𝑖}

𝑏=max {𝑡,𝐸𝐹𝑖}

≤ 𝑅𝑒𝑠𝑘
𝑡

𝑇

𝑡=1

𝑁

𝑖=1

 ; ∀𝑘 ∈ 𝐾 , ∀ 𝑡 ∈ 𝑇 (20) 

∑∑𝛽𝑖𝑣𝑙 ∑ 𝑦𝑖𝑣𝑏

𝐿𝐹𝑖

𝑏=max {𝑡,𝐸𝐹𝑖}

≤ 𝑁𝑙

𝑇

𝑡=1

𝑁

𝑖=1

 ; ∀𝑙 ∈ 𝐿  (21) 

∑∑ ∑ 𝑦𝑖𝑣𝑡�̅�𝑖𝑣 +∑∑𝑞𝑤̅̅ ̅̅ 𝑖𝑣𝑅𝑤𝑖𝑣

𝑉

𝑣=1

𝑁

𝑖=1

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

𝑉

𝑣=1

𝑁

𝑖=1

≥ 𝑁𝐿𝐴𝑄̅̅ ̅̅ ̅̅  

 
(22) 

 

𝛾𝑖𝑣 = ∑ 𝑦𝑖𝑣𝑡

𝐿𝐹𝑖

𝑡=𝐸𝐹𝑖

 ; ∀𝑖 ∈ 𝐴 , ∀ 𝑣 ∈ 𝑉 
(23) 

 

𝑅𝑒𝑖𝑣 ≤ 𝑅𝑒𝑖𝑣𝑦𝑖𝑣 ; ∀𝑖 ∈ 𝐴 , ∀ 𝑣 ∈ 𝑉 
(24) 

 

𝑦𝑖𝑣𝑡, 𝛾𝑖𝑣 ∈ {0,1}    ,   𝑅𝑒𝑠𝑘
𝑡 , 𝑁𝑙 , 𝑅𝑤𝑖𝑣 ∈  𝑖𝑛𝑡

+  
; ∀𝑖 ∈ 𝐴 , ∀ 𝑣 ∈ 𝑉, ∀𝑘 ∈ 𝐾 , 

           ∀𝑙 ∈ 𝐿, ∀ 𝑡 ∈ 𝑇 
(25) 

   The first objective function minimizes the makespan. The project quality is maximized in the second 
objective. Constraint (17) ensures that project activities must be scheduled exactly once. Constraint (18) 

confirms the precedence relationship among the activities. Constraint (19) shows the precedence 

relationship for the activities with reworking. For these activities, the reworking amount and the time lag 
are added to the precedence relationship. Constraints (20) and (21) represent the maximum level of the 

renewable and non-renewable resources, respectively. Constraint (22) shows that the project quality 

should be higher than the predefined value. Constraint (23) guarantees that the project activities must be 

operated in exactly one mode. Constraint (24) imposes the maximum rework value for all activities. 
Finally, constraint (25) builds the feasible ranges of decision variables.  
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4-2-Proposed modified solving method 
   Due to the interval parameters, and the multi-objective model, an extended solution method is 

presented. In the multiple objective decision making (MODM) problems, the objectives have inherently 

conflict such that no objective has a complete dominance of other objectives. In fact, finding a solution 
that simultaneously optimizes each goal is nearly impossible (Konak, Coit, & Smith, 2006). Goal 

programming is a method to solve the MODM problems. This method is presented to solve the problems 

with the conflicting and no dominated objectives to determine a satisfactory solution. In this paper, to face 

with the multi objectives mathematical model and interval uncertainty, the DM should provide a weigh to 
each objective function. Based on the DMs view, the weight of the positive and negative deviations are 

(𝛼1 = 0.6, 𝛽2 = 0.4) (  Chung et al., 2018). The general form of the solving method is as follows:  

 

min∑(𝛼𝑘𝑑𝑘
− +𝜔𝑘𝑒𝑘

−) +∑(𝛽𝑠𝑑𝑠
+ + 𝛿𝑠𝑒𝑠

+)

𝑟

𝑠=1

𝑙

𝑘=1

 (26) 

𝑠. 𝑡. 
 

 𝑍𝑘(𝑥) + 𝑑𝑘
− = 𝜑𝑘      𝑘 = 1,2, … , 𝑙 (27) 

 𝜑𝑘 + 𝑒𝑘
− = 𝑔𝑘,𝑚𝑎𝑥     𝑘 = 1,2, … , 𝑙 (28) 

 𝑤𝑠(𝑥) − 𝑑𝑠
+ = 𝜑𝑠      𝑠 = 1,2, … , 𝑟 (29) 

 𝜑𝑠 − 𝑒𝑠
+ = 𝑔𝑠,𝑚𝑖𝑛      𝑠 = 1,2, … , 𝑟 (30) 

  𝑔𝑘,𝑚𝑖𝑛 ≤ 𝜑𝑘 ≤ 𝑔𝑘,𝑚𝑎𝑥 , 𝑔𝑠,𝑚𝑖𝑛 ≤ 𝜑𝑠 ≤ 𝑔𝑠,𝑚𝑎𝑥 (31) 

𝑑𝑘
−, 𝑒𝑘

− , 𝑑𝑠
+, 𝑒𝑠

+ ≥ 0, 𝑘 = 1,2, … , 𝑙, 𝑠 = 1,2, … , 𝑟 (32) 

 

X ∈ F , ( F is a feasible set), 

 

   Where 𝑑𝑘
− and 𝑑𝑠

+ are the negative and positive deviations attached to (𝑍𝑘(𝑥)−𝜑𝑘 ) and ( 𝑤𝑠(𝑥) −𝜑𝑠) in 

equations (3) and (5) ; 𝜑𝑘and 𝜑𝑠 are continuous variables; 𝑒𝑘
− and 𝑒𝑠

+ are negative and positive deviations 

attached to (∅𝑘−𝑔𝑘,𝑚𝑎𝑥 )and (𝜑𝑠 −𝑔𝑠,𝑚𝑖𝑛 ) in equations (4) and (6) ; 𝑔𝑘,𝑚𝑎𝑥 and 𝑔𝑠,𝑚𝑖𝑛 are the upper and 

lower bound value of the goal targets; 𝛼𝑘> 0 and 𝛽𝑠> 0 are the weights attached to the deviations of 𝑑𝑘
− 

and 𝑑𝑠
+ ; 𝜔𝑘> 0 are the upper and lower bound value of the goal target; 𝛿𝑠> 0 are the weights attached to 

the deviations 𝑒𝑘
− and 𝑒𝑠

+ ; 𝑔𝑘,𝑚𝑎𝑥  (𝑔𝑠,𝑚𝑖𝑛 ) is the upper(lower) bound of the k (s) the goal. 

 

5- Results 
   One of the most commonly used RCPSP examples produced by ProGen is PSPLIB (Kolisch and 

Sprecher, 1996). In this section, the presented GDM method and multi-objective model are solved with an 

adapted application example from PSPLIB. This application example has 18 activities. In the GDM 
method, the evaluations of three DMs are reported, and the result of the first DM is shown in table 2. 

   Due to the dummy activities, the result of the 16 activities instead of 18 activities is reported. Then the 

normalized decision is constructed which is shown in table 1. After that the normalized weighted 

decision matrix is evaluated, and the result of the normalized weighted decision matrix for DM 1 is 

shown in table 1. In the next step, the weighted normalized decisions are evaluated which is shown in 

table 2. The next step is the evaluation of positive ideal decision and two negative ideal decisions 

which are illustrated in tables 3-5, respectively. The bidirectional projection measure, relative 

closeness, and the weight of DMs are reported in table 6. Finally, the collective decision is obtained 

which is shown in table 7. 
  

 

 

http://www.om-db.wi.tum.de/psplib/)%20(Kolisch%20and
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Table 1. Evaluation decision of time and duration for expert 1 

𝐷𝑀1 

Act 
No. 

�̅�𝑖𝑚  �̅�𝑖𝑚 

Mode Mode 

1 2 3 1 2 3 

1 [5,5] [8,13] [11,14] [0.7,0.8] [0.66,0.7] [0.8,0.9] 

2 [6,10] [8,13] [13,16] [0.76,0.86] [0.75,0.76] [0.69,0.75] 

3 [2,6] [3,8] [8,11] [0.9,0.92] [0.68,0.91] [0.80,0.95] 

4 [5,10] [6,11] [10,13] [0.78,0.85] [0.80,0.92] [0.85,0.9] 

5 [7,11] [7,12] [14,17] [0.85,0.88] [0.75,0.85] [0.77,0.81] 

6 [5,10] [4,9] [7,10] [0.81,0.84] [0.85,0.92] [0.84,0.9] 

7 [4,9] [3,8] [5,8] [0.88,0.94] [0.73,0.94] [0.67,0.73] 

8 [7,12] [7,12] [14,17] [0.81,0.83] [0.78,0.81] [0.79,0.80] 

9 [6,10] [5,10] [7,10] [0.76,0.93] [0.67,0.76] [0.75,0.94] 

10 [2,6] [5,10] [9,12] [0.83,0.93] [0.75,0.83] [0.88,0.92] 

11 [4,9] [7,12] [9,12] [0.78,0.9] [0.83,0.93] [0.9,0.92] 

12 [8,12] [10,15] [9,12] [0.89,0.9] [0.89,0.90] [0.91,0.94] 

13 [2,7] [4,9] [8,11] [0.73,0.89] [0.61,0.73] [0.80,0.95] 

14 [5,10] [5,10] [8,11] [0.80,83] [0.61,0.80] [0.73,0.86] 

15 [2,2] [3,5] [6,9] [0.90,0.92] [0.71,0.9] [0.78,0.0.85] 

16 [7,7] [7,7] [7,7] [0.61,0.84] [0.85,0.92] [0.84,0.90] 
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Table 2. Normalized decisions of time and quality for expert 1 

𝐷𝑀1 

Act 
No. 

𝑑̅𝑖𝑚 �̅�𝑖𝑚  

Mode Mode 

1 2 3 1 2 3 

1 [0.17,0.29] [0.09,0.29] [0.14,0.25] [0.51,0.67] [0.45,0.51] [0.52,0.66] 

2 [0.08,0.24] [0.09,0.29] [0.13,0.21] [0.52,0.67] [0.58,0.60] [0.47,0.55] 

3 [0.14,0.72] [0.15,0.76] [0.18,0.34] [0.58,0.61] [0.44,0.79] [0.49,0.64] 

4 [0.08,0.29] [0.11,0.38] [0.15,0.27] [0.54,0.64] [0.50,0.62] [0.55,0.62] 

5 [0.08,0.21] [0.10,0.33] [0.12,0.19] [0.56,0.61] [0.52,0.67] [0.53,0.60] 

6 [0.08,0.29] [0.13,0.57] [0.20,0.39] [0.57,0.61] [0.53,0.61] [0.55,0.63] 

7 [0.09,0.36] [0.15,0.76] [0.25,0.54] [0.59,0.68] [0.46,0.76] [0.54,0.64] 

8 [0.07,0.21] [0.10,0.33] [0.12,0.19] [0.57,0.60] [0.57,0.61] [0.53,0.57] 

9 [0.08,0.24] [0.12,0.46] [0.20,0.39] [0.48,0.72] [0.52,0.67] [0.46,0.64] 

10 [0.14,0.72] [0.12,0.46] [0.17,0.30] [0.52,0.66] [0.48,0.57] [0.55,0.59] 

11 [0.09,0.36] [0.10,0.33] [0.17,0.30] [0.51,0.68] [0.51,0.61] [0.57,0.60] 

12 
[0.07,0.18] [0.08,0.23] [0.17,0.30] [0.58,0.59] [0.58,0.59] [0.57,0.61] 

13 [0.12,0.72] [0.13,0.57] [0.18,0.34] [0.48,0.72] [0.49,0.71] [0.49,0.65] 

14 [0.08,0.29] [0.12,0.46] [0.18,0.34] [0.56,0.61] [0.45,0.77] [0.48,0.63] 

15 
[0.42,0.72] [0.23,0.76] [0.22,0.45] [0.59,0.63] [0.46,0.75] [0.51,0.62] 

16 
[0.12,0.21] [0.17,0.33] [0.29,0.39] [0.43,0.81] [0.53,0.62] [0.55,0.63] 
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Table 3. Ideal decisions of time and quality 

𝐷𝑀1 

Act 
No. 

�̅�𝑖𝑚  �̅�𝑖𝑚 

Mode Mode 

1 2 3 1 2 3 

1 
[0.15, 0.20] [0.05, 0.13] [0.06, 0.10] [0.24, 0.31] [0.25, 0.29] [0.24,0.31] 

2 
[0.05, 0.13] [0.05, 0.12] [0.05, 0.08] [0.24, 0.31] [0.27, 0.28] [0.25,0.29] 

3 
[0.06, 0.21] [0.06, 0.21] [0.07, 0.11] [0.27, 0.28] [0.20, 0.37] [0.25,0.30] 

4 
[0.04, 0.11] [0.05, 0.13] [0.06, 0.09] [0.25, 0.30] [0.25, 0.29] [0.26,0.29] 

5 
[0.05, 0.13] [0.05, 0.17] [0.05, 0.08] [0.26, 0.29] [0.24, 0.31] [0.25,0.30] 

6 
[0.04, 0.11] [0.06, 0.18] [0.07, 0.13] [0.26, 0.28] [0.26, 0.29] [0.26,0.29] 

7 
[0.04, 0.12] [0.06, 0.21] [0.09, 0.16] [0.25, 0.29] [0.22, 0.35] [0.25,0.30] 

8 
[0.04, 0.13] [0.05, 0.17] [0.05, 0.08] [0.26, 0.28] [0.26, 0.29] [0.26,0.29] 

9 
[0.05, 0.13] [0.06, 0.22] [0.09, 0.16] [0.22, 0.34] [0.24, 0.31] [0.24,0.31] 

10 
[0.07, 0.24] [0.05, 0.15] [0.06, 0.10] [0.24, 0.31] [0.26, 0.29] [0.27,0.28] 

11 
[0.05, 0.14] [0.04, 0.12] [0.06, 0.10] [0.24, 0.32] [0.26, 0.29] [0.27,0.28] 

12 
[0.05, 0.15] [0.05, 0.13] [0.06, 0.10] [0.27, 0.28] [0.27, 0.28] [0.27,0.28] 

13 
[0.05, 0.21] [0.05, 0.17] [0.07, 0.11] [0.22, 0.34] [0.23, 0.33] [0.25,0.31] 

14 
[0.04, 0.12] [0.05, 0.16] [0.07, 0.11] [0.26, 0.29] [0.21, 0.36] [0.24,0.31] 

15 
[0.14, 0.21] [0.08, 0.24] [0.08, 0.14] [0.26, 0.29] [0.22, 0.35] [0.25,0.30] 

16 
[0.23, 0.29] [0.26, 0.35] [0.33, 0.37] [0.20, 0.38] [0.25, 0.29] [0.26,0.29] 
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Table 4. First negative ideal decisions of time and quality 

𝐷𝑀1 

Act 
No. 

�̅�𝑖𝑚  �̅�𝑖𝑚 

Mode Mode 

1 2 3 1 2 3 

1 
[0.08, 0.14] [0.04, 0.11] [0.05, 0.07] [0.18, 0.24] [0.22, 0.25] [0.18,0.24] 

2 
[0.04, 0.08] [0.04, 0.07] [0.03, 0.04] [0.18, 0.24] [0.20, 0.21] [0.21,0.24] 

3 
[0.04, 0.08] [0.04, 0.08] [0.04, 0.05] [0.21, 0.21] [0.15, 0.28] [0.20,0.24] 

4 
[0.04, 0.08] [0.04, 0.08] [0.04, 0.05] [0.19, 0.23] [0.20, 0.23] [0.20,0.22] 

5 
[0.04, 0.08] [0.05, 0.09] [0.03, 0.04] [0.20, 0.22] [0.18, 0.24] [0.19,0.25] 

6 
[0.04, 0.08] [0.05, 0.11] [0.05, 0.07] [0.20, 0.21] [0.20, 0.23] [0.19,0.22] 

7 
[0.03, 0.06] [0.04, 0.08] [0.05, 0.06] [0.22, 0.25] [0.16, 0.26] [0.18,0.22] 

8 
[0.03, 0.08] [0.05, 0.09] [0.03, 0.04] [0.20, 0.21] [0.20, 0.21] [0.20,0.24] 

9 
[0.04, 0.08] [0.05, 0.11] [0.06, 0.08] [0.17, 0.26] [0.18, 0.23] [0.20,0.25] 

10 
[0.06, 0.17] [0.05, 0.09] [0.04, 0.06] [0.18, 0.23] [0.21, 0.24] [0.21,0.22] 

11 
[0.04, 0.13] [0.04, 0.08] [0.05, 0.06] [0.18, 0.24] [0.20, 0.23] [0.20,0.21] 

12 
[0.03, 0.09] [0.04, 0.11] [0.04, 0.06] [0.21, 0.21] [0.21, 0.22] [0.20,0.22] 

13 
[0.04, 0.08] [0.04, 0.07] [0.04, 0.05] [0.17, 0.25] [0.16, 0.24] [0.19,0.25] 

14 
[0.04, 0.10] [0.05, 0.11] [0.05, 0.07] [0.20, 0.22] [0.15, 0.27] [0.19,0.24] 

15 
[0.07, 0.08] [0.06, 0.09] [0.04, 0.06] [0.21, 0.24] [0.16, 0.27] [0.19,0.24] 

16 
[0.06, 0.10] [0.08, 0.16] [0.14, 0.19] [0.14, 0.29] [0.20, 0.24] [0.19,0.22] 
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Table 5. Second negative ideal decisions of time and quality 

𝐷𝑀1 

Act 
No. 

�̅�𝑖𝑚  �̅�𝑖𝑚 

Mode Mode 

1 2 3 1 2 3 

1 
[0.22, 0.25] [0.05, 0.11] [0.05, 0.07] [0.18, 0.24] [0.22, 0.25] [0.18,0.24] 

2 
[0.14, 0.20] [0.05, 0.14] [0.07, 0.11] [0.28, 0.36] [0.31, 0.36] [0.28,0.35] 

3 
[0.07, 0.20] [0.05, 0.16] [0.07, 0.10] [0.28, 0.35] [0.31, 0.32] [0.31,0.35] 

4 
[0.07, 0.20] [0.06, 0.20] [0.07, 0.11] [0.29, 0.31] [0.24, 0.42] [0.29,0.33] 

5 
[0.05, 0.11] [0.05, 0.12] [0.06, 0.09] [0.29, 0.34] [0.30, 0.33] [0.29,0.33] 

6 
[0.07, 0.20] [0.07, 0.25] [0.07, 0.10] [0.30, 0.33] [0.28, 0.35] [0.29,0.33] 

7 
[0.05, 0.11] [0.05, 0.16] [0.08, 0.12] [0.30, 0.32] [0.30, 0.33] [0.29,0.33] 

8 
[0.05, 0.13] [0.06, 0.20] [0.09, 0.16] [0.23, 0.27] [0.25, 0.39] [0.29,0.34] 

9 
[0.06, 0.20] [0.07, 0.25] [0.07, 0.10] [0.30, 0.33] [0.30, 0.32] [0.30,0.34] 

10 
[0.07, 0.20] [0.08, 0.33] [0.11, 0.22] [0.26, 0.38] [0.28, 0.36] [0.29,0.34] 

11 
[0.07, 0.20] [0.05, 0.14] [0.07, 0.10] [0.28, 0.35] [0.31, 0.34] [0.30,0.32] 

12 
[0.06, 0.17] [0.05, 0.11] [0.07, 0.10] [0.27, 0.36] [0.30, 0.33] [0.30,0.32] 

13 
[0.07, 0.20] [0.05, 0.16] [0.07, 0.10] [0.31, 0.31] [0.31, 0.32] [0.30,0.32] 

14 
[0.06, 0.20] [0.05, 0.16] [0.07, 0.11] [0.26, 0.38] [0.27, 0.38] [0.29,0.33] 

15 
[0.07, 0.11] [0.06, 0.14] [0.07, 0.11] [0.30, 0.32] [0.24, 0.41] [0.29,0.35] 

16 
[0.44, 0.50] [0.50, 0.57] [0.56, 0.57] [0.27, 0.29] [0.25, 0.39] [0.28,0.35] 
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Table 6. Bi-directional projection, relative closeness, and weight of experts 

 𝐵𝑃𝑟𝑜𝑗(�̅�∗, �̅�𝑘)  𝐵𝑃𝑟𝑜𝑗(�̅�𝑙 , �̅�𝑘) 𝐵𝑃𝑟𝑜𝑗(�̅�𝐶 , �̅�𝑘) 𝑁𝑅𝐶𝑘 𝜆𝑘 

𝐷𝑀1 0.768 0.479 0.865 0.364 
0.32 

𝐷𝑀2 0.739 0.312 0.917 0.375 
0.33 

𝐷𝑀3 0.694 0.557 0.523 0.391 
0.35 

 

 
Table 7. Aggregated decision for duration and quality 

𝐷𝑀1 

Act 
No. 

�̅�𝑖𝑚 �̅�𝑖𝑚 

Mode Mode 

1 2 3 1 2 3 

1 [4,4] [7,12] [10,13] [0.68,0.78] [0.79,0.84] [0.78,0.88] 

2 [5,9] [7,12] [12,15] [0.74,0.84] [0.73,0.74] [0.79,0.85] 

3 [4,8] [5,10] [10,13] [0.87,0.89] [0.66,0.89] [0.88,0.93] 

4 [6,11] [7,12] [11,14] [0.76,0.83] [0.88,0.91] [0.83,0.88] 

5 [6,10] [6,11] [13,16] [0.83,0.86] [0.73,0.83] [0.78,0.84] 

6 [6,11] [5,10] [8,11] [0.79,0.82] [0.88,0.92] [0.82,0.88] 

7 [6,11] [5,10] [7,10] [0.81,0.86] [0.71,0.90] [0.65,0.71] 

8 [6,11] [6,11] [13,16] [0.79,0.82] [0.76,0.79] [0.81,0.86] 

9 [5,9] [4,9] [6,9] [0.74,0.91] [0.65,0.74] [0.90,0.94] 

10 [3,7] [6,11] [10,13] [0.81,0.91] [0.86,0.89] [0.89,0.92] 

11 [5,10] [8,13] [10,13] [0.76,0.88] [0.90,0.93] [0.88,0.90] 

12 [5,9] [7,12] [10,13] [0.86,0.88] [0.87,0.88] [0.89,0.91] 

13 [4,9] [6,11] [10,13] [0.71,0.87] [0.59,0.71] [0.87,0.93] 

14 [6,11] [6,11] [9,12] [0.78,0.81] [0.59,0.78] [0.81,0.87] 

15 [4,4] [4,6] [8,11] [0.84,0.88] [0.69,0.88] [0.79,0.87] 

16 [4,4] [4,4] [4,4] [0.59,0.82] [0.88,0.93] [0.82,0.88] 
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   The aggregated decision determines the duration and quality of the project activities in the presented 
mathematical model. The proposed mathematical model is solved by the extended solving method, and 

the result of the time quality trade-off is shown in table 8. 

 
Table 8. The result of time quality trade-off 

Z1(Time) Z2(Quality) 

optimistic pessimistic optimistic pessimistic 

81 127 0.88 0.85 

82 128 0.89 0.86 

83 129 0.91 0.87 

84 130 0.92 0.9 

86 131 0.93 0.92 

87 132 0.94 0.93 

88 133 0.96 0.94 

89 134 0.97 0.95 

 

6- Sensitivity analysis 
According to figure 1 in both methods DM3 gained the highest weight. The result of using 

bidirectional and normalized projection shows that the place of DM2 and DM1 are changed. It means by 

using the bidirectional projection DM2 is gained a higher than DM1 while using the normalized 

projection DM1 gained a higher weight than DM2. But the difference between these weights can be 
ignored.  

 
 

 
Fig 1. Comparing the result of GDM with the bidirectional and normalized projection  

 

   The sensitivity analyses on the maximum acceptable quality level and the time-quality trade-off are 

provided. First, the increase in maximum acceptable rework (Mr) against the project quality in the 

optimistic situation is analyzed in figure 2. As the figure 2 shows, when the maximum acceptable rework 

increases, the project quality becomes higher. This issue happens because of the increase in the maximum 
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acceptable rework allows activities to have more reworking days. As the reworking leads to a higher 

quality level for the activities, thus the project quality increases.  

 
 

 

Fig 2. Effect of change in acceptable rework on the project quality in optimistic situation 

 

   The next analysis is similar to the first one but in the pessimistic situation. Figure 3 shows the effect of 

the change in the maximum acceptable rework value against the project quality. The result of this figure 

indicates that the increase in the allowed rework value leads to higher project quality. Although the results 

of figure 2 and figure 3 illustrate the increasing trend for the project quality but the quality range in the 

pessimistic and optimistic situations is different. Totally, the result of the optimistic situation shows 3% 

higher quality level than pessimistic situations.   

    Two remained analyses are about objectives trade-off. First, the effect of time quality trade-off in the 

optimistic situation is shown in figure 4. Based on figure 4, the higher project quality needs more time. 

The longer project makespan is due to the more reworking, so this extra reworking in an activity increases 

the project quality. In all of the real projects, the time-quality trade-off happens, and DMs have significant 

attention to this issue. As the time and quality of the activities are intervals, the effect of the time quality 

trade-off in the pessimistic situation should be analyzed too. The result of the time quality trade-off in the 

pessimistic situation is shown in figure 5. 
   Figure 5 confirms that higher project quality needs longer makespan. Actually, the increase in the 
project quality in the longer project completion time is verified in both situations, optimistic and 

pessimistic. But the range of the project quality and completion time are different in pessimistic and 

optimistic situations. For example, in the optimistic situation the project quality by completing project in 
86 days is 0.93 while in the pessimistic situation the project needs 132 days to reach the same quality 

level. To sum up, when the project completion time increases, the project quality increases, and the range 

of this increase in the pessimistic situation and optimistic situations are different. 
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Fig 3.  Effect of change in acceptable rework on the project quality in pessimistic situation 

 

 

 
 

Fig 4. Time quality trade-off in the optimistic situation 
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Fig 5. Time quality trade-off in the pessimistic situation 

 

7- Conclusions  
    In this paper, a new combination of group decision making and MRCPSP is presented. In the first step, 

the duration and quality of the activities are determined based on new group decision-making method 
with the interval information. In the group decision-making method, the weight of DMs is obtained based 

on the bidirectional projection between individual decisions with a positive ideal solution and two 

negative ideal solutions. Then, based on the relative closeness to the positive ideal solution and distance 
from negative solutions, weight of the experts evaluated and a collective decision made. The collective 

decision determines the quality and duration of the activities. The presented MRCPSP model has two 

objectives, minimizing the project completion time, and maximizing the project quality. In the 

mathematical model, the quality of activity can be increased via reworking. The reworking amount has a 
direct effect on the precedence constraint, so the effect of the reworking is considered in the mathematical 

model. The presented mathematical model has two objectives, and some parameters are interval, so the 

extended solving method based on the goal programming is presented. In this paper, an adapted 
application example is solved, and some analyses are clearly explained. The results show that higher 

project quality needs longer makespan. Besides, the maximum acceptable reworking value has a direct 

effect on the project quality. 
   For future researches, it is suggested to extend the mathematical model in a multi-project environment. 

Besides, the budget and cost of the resources can be added to the model. Future research can be also 

continued on projection-based methods with hybrid information. In addition, more efficient methods for 

solving the mathematical model can be developed in real-world applications.  
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