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Abstract. This paper presents a new optimization model and a new interval type-2 fuzzy solution
approach for project portfolio selection and scheduling (PPSS) problem, in which split of projects
and re-execution are allowable. Afterward, the approach is realized as a multi-objective optimization that maximizes total benefits of projects concerning economic concepts by considering the
interest rate and time value of money and minimizes the tardiness value and total number of
interruptions of chosen projects. Besides, budget and resources limitation, newfound relations
are proposed to consider dependency relationships via a synergy among projects to solve PPSS
problem hiring interval type-2 fuzzy sets. For validation of the model, numerical instances are
provided and solved by a new extended procedure based on fuzzy optimistic and pessimistic
viewpoints regarding several situations. In the end, their results are studied. The results show that
it is more beneficial when projects are allowed to be split.
Keywords: project portfolio selection and scheduling, interdependent project, project splitting,
interval type-2 fuzzy sets.
JEL Classification: C00, C52, D70, D81, G11, O22.

Introduction
Project portfolio selection and scheduling (PPSS) tries to regard proper candidates from a
set of projects and make a thorough improvement scheme. Clearly, privileged project systems play an important role for organizations as imperfectly chosen projects most of the
time do not work properly (Hall et al., 2015). Many project portfolio decision problems face
uncertainty. Fuzzy sets theory is a common tool to handle non-probabilistic uncertainty in
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project management. Involving more uncertainty sources causes more complexity in modeling (Haghighi et al., 2019b; Peng & Huang, 2020). Because of various kinds of complexities
in reality, project managers cannot always define the exact membership function to show
an uncertain boundary by type-1 fuzzy sets (T1FSs). Therefore, type-2 fuzzy set (T2FS) is
used to pass on the vulnerability in the membership function and enables further degrees
of freedom as compared to T1FS, by regarding remarkable engineering applications (e.g.,
Mirnezami et al., 2020; Mohagheghi et al., 2020; Haghighi et al., 2019a; Eshghi et al., 2019;
Dorfeshan et al., 2019).
Chen and Askin (2009) presented a mixed-integer programming model aiming at maximizing economic issue by hiring an approach to deal with the problem. Liu and Wang (2011)
proposed an approach to choose and schedule projects using constraint programming procedure with hiring time-dependent resource limitation. Huang and Zhao (2014) developed
this issue and extended a genetic algorithm (GA) for solving it. Bhattacharyya et al. (2011)
developed an optimization approach for the PPSS problem regarding benefits, costs, and risk.
A developed model for the PPSS regarding divisibility and interdependency was proposed
by Li et al. (2016). Dash et al. (2016) was the further instance that studied a MIP for the simultaneous PPSS problem considering resource constraints and interdependencies. Tofighian
and Naderi (2015) used ant colony to decide the joint selection and scheduling problem.
In their model, beneﬁt and maximum levels of needed resources were optimized. The only
type of interdependency modeled was mutual exclusiveness. Watermeyer and Zimmermann
(2020) considered partially renewable resources and general temporal constraints for the
RSPSP problem. They developed a branch-and-bound method to solve the model with the
aim of project duration minimization. Egri and Kis (2020) studied material allocation for
scheduling of the projects with competing self-interested agents. They assumed the different
supplying dates for required materials. Rahman et al. (2020) extended a genetic algorithmbased memetic algorithm to deal with RCPSP problems. They improved the deficiency of
randomness of genetic algorithm by applying different heuristics. Relich (2021) developed a
decision support system for NPD project portfolio selection. Resource allocating, evaluating
input and output dependency, and forecasting an output variable comprised the structure of
system. Nowak and Trzaskalik (2021) extended a stochastic discrete multi-objective model
for project portfolio selection. They solved a model by an interactive method by employing
trade-of analysis. Salehi (2018) solved the PPSS under fuzzy conditions by the AWFP procedure. Zhang et al. (2019) developed a multi-objective evolutionary procedure for the PPSS regarding fuzzy conditions. Dixit and Tiwari (2020) proposed a PPSS in terms of risk measure.
According to the vagueness and uncertainties in the project management, fuzzy sets
theory has been used widely in this field. Wang and Hwang (2007) developed a fuzzy zeroone integer programming approach to identify optimum R&D project portfolio. Liao and
Ho (2010) presented a fuzzy binomial method to assess a project and extended a proper
approach to calculate the mean value of fuzzy NPV. Mohagheghi et al. (2015) optimized the
PPSS and considered net cash flows as IVF-numbers. Damghani et al. (2011) proposed a
two-stage decision-making model. In their modeling, fuzzy numbers were hired to represent
the values corresponding with the projects and resources.
For multi-period models, most available studies presume that each nomination project
cannot be divided into a number of sub-parts for various periods; notwithstanding, numer-
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ous pragmatic constraints, e.g., capital, scarcity of labor, project difﬁculties, and unpredicted
events may provoke unavoidable interferences for projects (Baker & English, 2011). As a
result, joining interferences to the project is a characteristic call from practice. Therefore, Li
et al. (2015) brought up the issue of project divisibility into the PPSS.
Referring to papers studied the PPSS problems, a number of research gaps are highlighted. Many of the researches aforesaid looked the issue of the PPSS without any discontinuity
in ongoing. Although a case is discussed, in which projects could be split if it is needed,
mostly when the amount of resources and budgets are not sufficient and restarted later.
When more than one interdependent projects are selected and run simultaneously, a
firm may get an advantage more (or not exactly) the basic amount of the benefits from every
single undertaking. The occasion is entitled interdependency between the ventures (Liesiö
et al., 2008). The extra advantage over the amount of single advantages is entitled to the synergistic advantage. Distinguishing and demonstrating the interdependency among projects
may make substantial reserve funds and advantages to the client (Santhanam & Kyparisis,
1996), while the piece of benefit not exactly the amount of single advantage is entitled the
serious misfortune (Fox et al., 1984). A few examinations on PPSP have as often as possible
emphasized the criticalness and need of broadening optimization approaches that mean advantages and misfortunes from the interdependency among projects (Shafahi & Haghani,
2013; Tao & Schonfeld, 2006).
According to the project portfolio selection and scheduling studies, many researchers
neglected the interruption of projects as common event in project management, specifically
having resource limitation. Moreover, more research considered interdependency as a group
of projects should be selected simultaneously or, in contrast, should not be selected concurrently. Therefore, interdependency considering as positive or negative synergy with their
effects on resource usage is still scarce. Taking into account both splitting and interdependency in terms of synergy not only leads to more profitable project portfolio selection and
scheduling but also is close to real cases. Complexity makes usage of uncertain information
unavoidable. T2FSs help managers to make a better decision by providing them more flexibility in the decision-making process. There are no investigation efforts on project portfolio
selection and scheduling to the best of our knowledge, considering splitting and synergy
simultaneously with T2FSs under a multi-objective model.
This paper presents the PPSSP under the projects splitting conditions; Proposed study develops this class of interdependency with regard to a synergy between performed projects in
each time period and formulizes a 0–1 integer model for the problem. In developed study, a
linear multi-objective model which jointly optimizes the PPSS is proposed. Presented model
is subject to general conditions making it enforceable to the real environment. The problem
objective aims at maximizing the total net present value from the portfolio. The projects
benefit depends on the time that projects are selected. Taking into consideration the split of
projects to discontinue the projects and launch another project because of resource scarcity.
The minimization of the number of splitting is another objective. To prevent the high lateness
of selected project, the total tardiness values for each project is minimized.
In addition, in this work, a novel fuzzy solution method is presented based on optimistic and pessimistic standpoint to deal with a new fuzzy linear programming problem with
ambiguity uncertainty. The whole coefﬁcients of the problem are IT2F triangular numbers.
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The proposed method solves a model three times to find an optimal solution. At the first
step, the optimistic model is constructed while all IT2F-triangular parameters stand on the
best corresponding value. Therefore, the multi-objective crisp model is obtained. The multiobjective model is transformed to the single objective model, upon the current literature
approach, and optimized. At the second step, the aforementioned procedure is applied, but
all IT2F-triangular parameters take their worst values as a pessimistic model. Two solutions
are achieved based on optimistic and pessimistic procedure. The final optimal solution is
obtained based on both optimistic and pessimistic values. In the third step, a new model is
created by the concept of membership function. The objective function is maximized the
value of membership function subject to constraints. The constraints with IT2F-triangular
parameters are regarded with discounting the entirely optimistic viewpoint. The final compromise solution is benefited both optimistic and pessimistic standpoints.
The rest of the study is organized as follows: Section 1 reviews the theory of T2FSs. Section 2 defines the PPSS problem and presents a new optimization model. Section 3 provides
a new T2F solution methodology. Sections 4 and 5 regard practical instances and computational processes. Conclusions are given in last section.

1. Type-2 Fuzzy sets
To better understanding, a brief explanation of interval type-2 fuzzy triangular sets (IT2FTSs) can be given.
 also can be proDefinition 1. T2Fs have membership grades that are specified by ITFSs. A
posed as demonstrated in the following (Mendel et al., 2006):

μ  ( x, μ )
=
∫ x∈X ∫ u∈J x A
, where union over all admissible x and u are represented.
A
( x, μ )
 all μ  ( x , μ ) =1 , then A
 is an IT2FS. This set is considered as a
Definition 2. If in A
A
1
=
particular instance of a type-2 fuzzy set. The following shows this set A
∫ x∈X ∫ u∈J x
,
( x, μ )
where J x ⊆ 0,1 .
Definition 3. A bounded region describes the initial membership uncertainty in a T2FS. This
region called the footprint of uncertainty, where FOU = ∪x∈X J x . The FOU consists two
membership functions (MFs), a lower MF (LMF), μ A , and upper MF (UMF), μ A . Therefore,
an IT2FS is composed by two type-1 fuzzy sets.

( )

 = min Core ( A ) ,max Core ( A ) 
 =  A, A  is Core A
Definition 4. The core of the IT2F number A




min Core ( A ) ,max Core ( A )  when ∅ ≠ Core ( A ) ⊆ Core A , where ∅ is the empty set and lower and up defined by μ  and μ  , respectively (Javanmard and Nehi, 2019).
per MFs of A

( )

A

A

 as depicted in Figure 1 is characterized on interval a l , a u  ,
Definition 5. IT2FT number, A


its lower MF and upper MF are equal to h ∈ 0,1 in a and h ∈ 0,1 in a , respective is denoted by
ly, where a l < a l < m < a u < a u and a l < m < a u . So, the IT2FT number, A
 =
=
A
A, A
a l , m, a u , a l , m, a u (Javanmard & Nehi, 2019).
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Figure 1. IT2FT number

2. Problem description and formulation
2.1. Problem description
Presume an organization that is based on projects can have N recommended candidates, any
of them can have its profitability, and a group of projects have interdependency. Concerning
selecting the portfolio, the purpose can choose top candidates based on the aims as well as
available constraints. We can define that candidate in which period is picked and accomplished. Presume that the firm can assess candidates considering a class of evaluation factors,
which in period k taking on the particular time frame each chosen candidate is in. The firm
can have determined several subsets of candidates Aj such that if in period k the portfolio
involves various candidates.
Traditionally, most academics presume that once a project begins, it must be executed
without interruption. Although, in real-world cases, interruption is a repeated incidence in
the project execution, splitting is a helpful managerial technique that can advance pay and influence the productivity of corporate. As a result, this study will be most interested in project
splitting when selecting a project portfolio. To handle incomplete information, uncertainty
theory is hired. Utilizing uncertainty theory can manage imprecise assessments. As a result,
this theory could be applied to build proposed optimization approach more realistic.
Objective functions in the optimization approach include: 1. Selected projects expected
profit maximization; 2. The lateness of selected projects minimization; and 3. Total number
of interruptions of selected projects minimization.

2.2. Parameters and model
Sets and indices
i={1,…,m} – Set of projects
t ={1,…T+1} – Set of time periods
k ={1,…,K} – Set of resources
s ={1,…,S} – Set of synergies
As – Set of projects associated with synergy s
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Parameters
di – Duration time for project i
rikt – Resource k requirement of project i at time t

Esk – Amount of decreasing resource usage k under synergy s
Ckt – Cost of per resource k at time t
r – Interest rate
B – Total budget
 kt – Available resource k at time t
RR
Ls – Minimum number of executing projects belong to set As in order to occurring synergy s
Us – Maximum number of executing projects belong to set As in order to occurring synergy s
DDi – Due date of project i
Pit – Expected profit of project i when is selected at time t
BN – Big number
NT – Last time of planning horizon equal to T
Decision variables
xit – Taking value 1 if project i is chosen at time t, 0 otherwise
yit – Taking value 1 if project i is run at time t, 0 otherwise
zst – Taking value 1 if synergy s is occurred at time t, 0 otherwise
wit – Taking value 1 if project i is performed at time t and t +1
vit – Last executed period of project i at time t
LSi – Lateness of project i
Mathematical formulation

K

T

∑∑∑rikt Ckt (1 + r )
k= 1 =t 1

−t

yit +

m

min z1 =

∑LSi ;

max z=
2

∑∑ it (

K

S

(1)

		
m K T
−( t +1)
P 1 + r
y −
r C

i =1
m T −1

)

T

∑∑∑EskCkt zst (1 + r )
k= 1 =s 1 =t 1

=
min z3

s.t.
T

∑∑yit − wi(t +1)

=i 1 =t 1

=i 1 k= 1 =t 1

; 		

T

k= 1 =s 1 =t 1

(2)

		

∀i = 1,…m;

yit ′ − di xit ≥ 0, ∀i = 1,…m, t = 1,…,T − di + 1,;
∑
′
t =t

S

(3)

∀i = 1,…m;

∑ (t + di ) xit ≤ T ,
t =1
T

−t

∑∑∑ ikt

m T

∑xit ≤ 1,
t =1
T

it

=i 1 =t 1

K

−t
−t
 
kt (1 + r ) yit + ∑∑∑Esk Ckt z st (1 + r ) ;

(4)
(5)
(6)
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m K

T

∑∑∑
=i 1 k= 1 =t 1
m

−t
rikt Ckt (1 + r ) yit +

∑

rikt yit +

K

S

T

∑∑∑EskCkt zst (1 + r )

−t

≤ B;

(7)

k= 1 =s 1 =t 1

S

 kt , ∀t = 1,…T , k = 1,…, K ;
∑Esk zst ≤ RR

(8)

=i 1 =s 1

Ls z st ≤

∑ yit , ∀t = 1,…,T , s = 1,…, S;

(9)

i∈As

∑ yit ≤ U s zst + ( Ls − 1) , ∀t = 1,…,T , s = 1,…, S;

(10)

i∈As

di

T

∑

xit =

T

∑yit , ∀i = 1,…, m;

(11)

=t 1 =t 1

t ′yi t ′ ≤ vit , ∀i = 1,…, m, t = 2,…,T + 1, t ′ = 1,…, t − 1;



vit ≤ t ′ yi ( t ′+1) + 1 − wi (t ′+1) − BN  yi t ′ − 1 −
yil  , ∀i = 1,…, m, t = 2,…,T + 1, t ′ = 1,…


l =t ′+1 


)

(

∑

t −1




BN
y
1
y
−
−
−
′
il , ∀i = 1,…, m, t = 2,…,T + 1, t ′ = 1,…, t − 1;
i ( t ′+1)
 it

l =t ′+1 

T
LSi ≥ viNT − DDi xit , ∀i = 1,…, m;

)

∑

(12)

t −1

∑

(13)
(14)

t =1

wi (t +1) ≤ yi (t +1) , ∀i = 1,…, m, t = 1,…,T ;
wi (t +1) ≤ yit , ∀i = 1,…, m, t = 1,…,T ;

(15)

yi (t +1) + yit ≤ wi (t +1) + 1, ∀i = 1,…, m, t = 1,…,T ;

(17)

xit , yit , wit , z st ∈ {0,1} , vit ≥ 0.

(16)
(18)

The first objective function, Eq. (1), aims at tardiness value minimization. The second objective function, Eq. (2), aims at total profit of chosen and executed candidates maximization
with respect to the time value of money. Eq. (3) minimizes the total amount of interruption
in performing chosen candidates. Relation (4) guarantees that the candidates can be chosen
in at most one period. Relation (5) represents that candidates are performed during planning
horizon. Relation (6) makes sure that candidates are executed discontinuously. Relation (7)
indicates that total cost could not be larger than the budget. Eq. (8) guarantees that chosen
candidates can be planned considering resource limitations in every period. Eqs (9) and (10)
make sure that the minimum and maximum numbers of executing projects for an interdependent subset have been satisfied in each period, and the synergy occurs. Relation (11)
assures that the chosen candidates could be performed according to duration time. Relations
(12) and (13) calculate the final performing period for candidate i before period t. Eq. (14)
computes the tardiness values for each project. Eqs (15)–(17) calculates the value of a Boolean variable, wit, is 1 if and only if several proportions of candidate i can be consecutively
performed in both periods t and t +1.
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3. Solution methodology
In this part, a new procedure is presented based on the recent literature (Selim & Ozkarahan,
2008; Javanmard & Nehi, 2019; Kundu et al., 2019) for solving IT2FT-problem where the
entire of coefﬁcients is IT2FT-number. Take into account the IT2FT–linear programming
problem where right-hand sides of the constraints, objective functions, and constraints coefficients are uncertain as given below:
Max z1 =

s.t.

n

∑

c j x j , Min z2 =

j =1

n

∑aij x j ≤ bi ,

n

∑f j x j

(19)

j =1

i=
1,…, m;

j =1
n

∑dkj x j ≤ ek ,

k=
1,…, K ;

j =1

x j ≥ 0, j =
1,…, n,
where c j , aij , bi , dkj and ek are IT2FT-numbers denoted by c j ∈  cj , c j  , aij ∈  aij , aij  ,
bi ∈  bi , bi  , dkj ∈ dkj , dkj  , f j ∈  f j , f j  and ek ∈  ek , ek  .
Step 1. Create the model taking into consideration the optimistic viewpoint for the model
(19) below:
Max z1 =

s.t.

n

∑
j =1

c jux j ,

Min z2 =

n

n

∑ f lj x j

∑aijl x j ≤ biu ,

i=
1,…, m;

∑d kju x j ≥ ekl ,

k=
1,…, K ,

j =1
n

(20)

j =1

j =1

x j ≥ 0, j =
1,…, n.
Now, the multi-objective deterministic model (20) is obtained. The multi-objective model
can be converted to a single-objective model as follows:
Max z = gλ + (1 − g )

s.t.

2

∑dl λl
l =1

n

∑aijl x j ≤ biu ,
j =1
n

i=
1,…, m;

1,…, K ;
∑d kju x j ≥ ekl , k =
j =1

(21)
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λ + λl ≤ μi ( x ) , l =1,2;
λ, λl ∈ 0,1 , l =1,2;
x j ≥ 0, j =
1,…, n,
2

∑dl =1 which determined by decision maker.

where g and dl belong to 0,1 and

l=1

z1 − z1NIS
z2NIS − z2
x
μ1 ( x ) =
μ
=
and
are for maximization and minimization ob(
)
2
z1PIS − z1NIS
z2NIS − z2PIS
jective functions, respectively. We have:
z1PIS = max z1 , z2PIS = min z2 ,
z1NIS = min z1 ,

z2NIS = max z2 .

Now solve the model (21) and called Max z = z ′.
Step 2. Creating the problem model (22) by supposing the pessimistic standpoint of model
(19) below:
Max z1 =

s.t.

n

∑
j =1

c jl x j , Min z2 =

n

∑ f ujx j

(22)

j =1

n

1,…, m;
∑aijux j ≤ bil, i =
j =1
n

∑d kjl x j ≥ eku,

k=
1,…, K ;

j =1

x j ≥ 0, j =
1,…, n.
The crisp single objective model can be created as:
Max z = gλ + (1 − g )

s.t.

2

∑dl λl
l =1

n

∑aijux j ≤ bil,

i=
1,…, m;

j =1
n

1,…, K ;
∑d kjl x j ≥ eku, k =
j =1

λ + λl ≤ μi ( x ) , l =1,2;
λ, λl ∈ 0,1 , l =1,2;
x j ≥ 0; j =
1,…, n.
Solving model (23), we have Max z = z ′′.

(23)
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Step 3. Let us define Max ( z ′, z ′′ ) = z max and Min ( z ′, z ′′ ) = z min .
The below membership function, for the maximization problem, is defined to figure out
an optimized compromised solution.
z−z
μ ( z ) = min .
z max − z min
As a result, maximum μ(Z) conveys a preferable solution for the problem of maximization. Here to procure the optimized compromise solution, make sure maximum possible
satisfaction of constraints, note an auxiliary variable j (0 ≤ j ≤ 1) and develop the below
programming model, z ≥ z min + j ( z max − z min ) :
Max j 		

s.t.

(24)

μ ( z ) ≥ j;
n

1,…, m;
∑aijl x j ≤ biu , i =
j =1
n

1,…, K ;
∑dkju x j ≥ ekl , k =
j =1

λ + λl ≤ μi ( x ) , l =1,2;
λ, λl ∈ 0,1 , l =1,2;
x j ≥ 0; j =
1,…, n.
The model (24) is constructed neither completely optimistic nor pessimistic. A semioptimistic standpoint is applied. We procure a compromise solution that occurs in the range
of zmin and zmax, after solving the problem (24).
Figure 2 depicts the brief schematic overview of the aforementioned solution methodology.
Construct multi- objective model with interval
type-2 fuzzy triangular sets parameters

Create an optimistic model

Create a pessimistic model

Convert multi-objective model to
single objective model

Convert multi-objective model to
single objective model

Compute membership function
Create compromise model

Figure 2. A flowchart of proposed solution procedure
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4. Application examples
Hiring a set of test problems, the solution approaches for the PPSS are examined. In the
multi-project scheduling setting, the resource capacities are readily present. Multi-project
problems are generated by combining 12, 8, and 5 projects with time horizons 15, 10, and 10,
respectively. The problem sets have three resources and two types of synergies. The proposed
model is executed by GAMS optimization software.
– A set of parameters or characteristics can be considered while creating the instances.
– Number of objectives: We regard 3 objectives. For all three instances with maximizing expected profit and minimizing number of interruptions and tardiness functions.
– Duration of the candidate projects: they are defined by normalized IT2FT parameters.
– Planning horizon: it takes values 15, 10, and 10 time-periods for three examples,
respectively.
– Resources: The levels of resources at hand in every time are determined by normalized
normalized IT2FT parameters.
– Least projects: it involves the minimum number of candidates which can be active
from subsets of projects Aj to fulfill the effect of linear synergy.
– Most projects: it takes the maximum number of candidates which can be active from
subsets of projects Aj to fulfill the effect of linear synergy. This parameter takes the
value corresponding to the number of Aj elements.
The remainder characteristics of the problem, e.g., resource expenditure, an increase or
decrease in resource demand because of occurrence of synergy, expected profit, and resource
cost, are determined by IT2FT-parameters.
The optimum results for three instances, entailing aggregated objective value, each of
three objectives values, projects which are selected, and run time to the optimal solution are
illustrated in Table 1.
Table 1. Brief results for different test problems
Number of
candidate projects

Compromised 1st
obj.
obj.

2d obj.

3d
obj.

Selected projects

CPU time
(sec)

5

0.453

–14

2728.127

4

1, 2, 3, 4

14.113

8

0.632

–27 14756.813

8

1, 2, 3, 4, 5, 6, 7, 8

13.969

12

0.522

–37 15800.199

9

1, 3, 4, 5, 6, 7, 9, 11, 12

135.146

5. Discussion of results
In this part, four test problem scenarios are used to show the features of the presented model.
A group of 8 nominated projects and 10 periods over the horizon (T = 10) can be investigated. All the projects which are selected ought to be planned throughout the accessible
complete periods. Moreover, three kinds of resources needed for running projects could be
accessible. There are two interdependent subsets for synergistic benefit in terms of resource
consumption. There are dependencies between projects 2, 3, 4, 6, and 8 for synergy type 1
and between projects 1, 2, 3, 5, 6, and 7 for synergy type 2.
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The minimum and maximum number of running projects in each period to synergy occurrence are 2 and 6 for synergy type 1, 3, and 6 for synergy type 2. Resource consumption,
an increase or decrease in resource requirement due to the synergy occurrence, expected
profit, and resource cost could be defined by crisp values for scenarios 1, 2, 3, and 4 and by
normalized IT2FT-parameters for scenario 5. The total budget is equal to 2000.
Scenario I: Project portfolio selection with resource constraints
A numerical instance that studies un-splitting PPSS, in which synergy and flexible due
date do not happen, is provided in this sub-section. The single restriction is a scarcity of
resources and limitation of budget. A single objective model with maximization expected
profit is solved. The results are put forward in Table 2.
Table 2. The result of the first scenario
Selected project

Project scheduling

2

1, 2, 3, 4, 5, 6, 7, 8

Obj.
Expected Profit

CPU time (sec)

2232.154

10.112

Scenario II: Project portfolio selection with synergy
The assessment of the effect of interdependency among projects from the aspect of synergy on the PPSS is conducted via running this numerical example. A single objective model
aiming at expected profit maximization is solved. According to their positive synergy, the
number of resources required is less than that of the projects’ resources in several periods.
Thus, more projects (i.e., 2, 4, 6, and 7) have been chosen than the previous scenario. The
results are reported in Table 3.
Table 3. The result of the second scenario
Selected project

Project scheduling

2

1, 2, 3, 4, 5, 6, 7, 8

4

1, 2, 3, 4, 5, 6

6

1, 2, 3, 4, 5, 6, 7, 8

7

1, 2, 3, 4, 5, 6, 7

Obj.
Expected Profit

CPU time (sec)

10237.753

10.87

Scenario III: Project portfolio selection with synergy and projects’ splitting
This sub-section provides a numerical instance to study an optimization approach regarding an allowance of splitting and synergies between projects. Actually, the allocation of
more resources to candidates is not needed, and candidates are just planned with the point
of covering accessible assets throughout a period. To handle it, a bi-objective model aiming
at joint maximization of the total profit and minimization of the candidates’ interruption
is considered. Compared to the previous scenario, a better output is expected because the
splitting compensates for the lack of resource availability. Splitting assumption increases the
expected profit. Table 4 indicates the computational results.

505

Technological and Economic Development of Economy, 2021, 27(2): 493–510

Table 4. The result of the third scenario
Selected project

Project scheduling

2

2, 3, 4, 5, 6, 7, 8, 9

3

1, 3, 4, 5, 6, 7, 8, 9

4

1, 2, 3, 4, 5, 6

5

1, 2, 5, 6, 7, 8, 9

7

1, 2, 3, 4, 7, 8, 9

Obj.
Expected Profit

Projects’ Interruption

12870.772

8

Aggregated Obj.

CPU time
(sec)

15.465

0.555

Scenario IV: Project portfolio selection with synergy, flexible due date and projects’ splitting
This part proposes a multi-objective model focusing on the expansion of all-out anticipated benefit, minimization of the summation of the total measure of interruption in conducting
the chose undertakings, and minimization of delay value. Candidates can be stopped, and in
the wake of being part, these could run again in some other periods. Moreover, projects are
chosen and planned as their due date constraints. Flexible due date provides more chance
for projects to be implemented lateness, with paying the corresponding penalty. Table 5 illustrates the results of this example.
Table 5. The result of the fourth scenario
Selected
project

Project scheduling

2

1, 2, 4, 5, 6, 7, 8, 9

4

1, 2, 3, 4, 5, 6

5

1, 2, 3, 6, 7, 8, 9

6

1, 2, 3, 4, 5, 7, 8, 9

7

3, 4, 5, 6, 7, 8, 9

Obj.
Expected Profit

Projects’ Interruption

Due date

12325.535

8

–1

Aggregated Obj.

CPU time
(sec)

20.858

0.565

Scenario V: Project portfolio selection with synergy, flexible due date and projects’ splitting
in the presence of IT2FT-parameters
This sub-section provides an example based on the former scenario with the difference
that parameters take IT2FT-numbers. The outcomes of handling this multi-objective approach can be reported in Table 6.
The aim of this section is to elaborate on the influence of each characteristic of the proposed model. All characteristics are noticed by the aim of constructing a model close to
the real situations. In the real-world, some set of projects have overlapping that performing
together lead to decrease resource requirement. Considering this feature can make more
revenue by selecting more projects that has been certified by scenario II. On the other hand,
the resources are not available unlimited. The splitting assumption not only reduces the
need of resources but also improves the total benefit. Even though splitting can make better portfolio, the importance of projects’ due dates cannot be neglected. Despite the fact
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Table 6. The result of the fifth scenario
Selected
project

Obj.
Project scheduling

1

3, 4, 5, 6, 7

2

1, 2, 3, 4, 5, 6

3

1, 2, 3, 4

4

1, 2, 3, 4

5

1, 2, 3

6

2, 3, 4, 5, 7

7

3, 4, 5, 6, 7, 8, 9

8

1, 2, 3, 4

Expected Profit

Projects’
Interruption

Due date

14756.813

8

–27

CPU time
(sec)

Compromised Obj.
13.969
0.632

that the overall objective has been improved in scenario IV compared with scenario III, the
total benefit has been deteriorated. The tardiness minimization objective prevents the high
interruption and delays in project completion. All four scenarios are solved based on crisp
values. In reality, the ever-changing and highly uncertain environment of projects make it
difficult to estimate the parameters. Consequently, unreal data can be misleading in project
selection and scheduling. Scenario V uses IT2FT-parameters and improves the aggregated
objective and total profit.

Conclusions
In this paper, a new optimization model is developed for the PPSS problem by splitting
over several intervals during the planning horizon and considering interdependency among
projects in terms of synergy where selected projects can be implemented on the flexible due
date. This study presents an optimization approach for the PPSS issue where two different
concerns are jointly considered: how to select and how to schedule well-organized project
portfolios. To handle the resources more efficient during the planning horizon, it is suggested to take into account these two interdependent procedures. These assumptions ﬁll a
gap in this field of study and provide lots of managerial insights. Our work contains some
essential elements needed to make a proper selection: multiple conflicting objectives, unequal
accessibility and consumption of resources, constraints of capital flow, and synergy among
projects. In this paper, a new method is proposed to resolve linear programming issue with
coefﬁcients of the objective and constraints containing IT2F-numbers, and utilized it to deal
with a PPSS issue with projects duration, availability of resource, cost of resource, resource
expenditure, expected profit and synergy as proposed by IT2FT-numbers. The represented
procedure is computationally well designed, and it can be hired to deal with this kind of
decision concerns containing IT2F-parameters. Furthermore, a mixed-integer programming
approach could be extended for the presented problem. The model aims at maximizing the
firm’s cash flow by taking into account the interest rate and minimizing the cost of tardiness
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and number of splitting. The outcomes of the presented approach with three sets of instances
of various sizes are examined. The validity of model is evaluated through five different scenarios. Scenarios are initialized from the simplest assumption, single objective crisp model
with resource constraints, and gradually progressed to proposed multi-objective model under
IT2FT-parameters with flexible due date, synergy, and splitting assumptions. The results are
discussed and illustrated the superiority of proposed model in terms of a number of selected
projects, improving the value of objectives, and compromised objective. This study can be
later developed to contain further detailed skill mapping of labor into the model to make sure
that the deliverables’ quality would be allowable. Other future study ideas would be taken
into account time-dependent resource expenditure rates. The development of this model for
activity setup times can be investigated. Other kinds of uncertainties in the projects may be
considered in the modeling. Transfer time of resources between projects in the same class can
be regarded. In the field of solution approach, more powerful strategies tackling the fuzziness
and multi-objective model simultaneously can be interested.
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