
 

INTERNATIONAL JOURNAL OF OPTIMIZATION IN CIVIL ENGINEERING  

Int. J. Optim. Civil Eng., 2019; 9(2):291-311 

 
 

 

A MULTI-OBJECTIVE OPTIMIZATION MODEL FOR PROJECT 

PORTFOLIO SELECTION CONSIDERING AGGREGATE 

COMPLEXITY: A CASE STUDY 

 
S.H. Iranmanesh1, M. Shakhsi-Niaei2*, † and H. Rastegar3 

1 School of Industrial Engineering, College of Engineering, University of Tehran, Tehran, 

Iran 
2Department of Industrial Engineering, College of Engineering, Yazd University, Yazd, Iran 

3School of Industrial Engineering, College of Engineering, University of Tehran, Tehran, 

Iran 

 

ABSTRACT 
 

Existing project selection models do not consider the complexity of projects as a selection 

criterion, while their complexity may prolong the project duration and even result in its 

failure. In addition, existing models cannot formulate the aggregate complexity of the 

selected projects. The aggregated complexity is not always equal to summation of 

complexity of projects because of possible synergies or conflicts between them may increase 

or decrease the total complexity. In this paper, a model is proposed for measuring the 

aggregate complexity in the selection of project portfolios. A case study is presented to show 

the usefulness of the model and its applicability in practice. Moreover, several large-sized 

numerical examples have been tested showing the capability of the model to solve such 

problems in logical computational time. 
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1. INTRODUCTION 
 

The appearance of mega-projects and new project management systems have contributed 

towards a further augment in the uncertain and complex nature of projects. The classical 
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approach to project management considers three or at most five factors of a project to 

determine the situation of a project and to control it. These factors are cost, time and quality, 

as well as risk and scope in some project management methods [1]. Such factors appear to 

be sufficient to control the projects, but in recent years, many studies, surveys and standards 

have sought to extend the controlling factors. This is because project complexity may 

increase the risk and clutter the plans for the projects. Therefore, understanding the concept 

of project complexity and also determining the degree of complexity for a project are crucial 

issues when aiming for better control over it. 

The primary aim of this paper is to present a comprehensive classification for project 

complexity and also the development of a new project complexity index. We aim to use this 

index as a criterion in the selection of candidate projects. It should be noted that the 

complexity degree of a project portfolio is not always equal to the summation of complexity 

degree of individual projects because there may be interactions between a set of selected 

projects [2]. Interactions between projects may decrease or even increase the complexity of 

the portfolio because of possible synergies or conflicts between the projects. 

The remainder of this paper is organized as follows. Section 2 presents a concise 

literature review which is followed by the research methodology in Section 3. Section 4 

describes how the complexity of the projects have been measured, and Section 5 is devoted 

to the proposed mathematical model and the calculation of aggregated complexity. The 

proposed model is implemented for a real case study and the corresponding results are 

discussed in Section 6 whilst the computational burden in large-sized problems is examined 

in Section 7. Finally, Section 8 concludes the paper. 

 

 

2. LITERATURE REVIEW 
 

In the following subsections, brief reviews of project portfolio selection and project 

complexity are provided. 

 

2.1 Project portfolio selection 

Project management has become a sophisticated tool for achieving competitive advantage 

and strategic goals [3]. Hence, it is needed to establish processes supporting and increasing 

project management effectiveness [4]. Project selection is a crucial decision especially in 

project-based organizations. It is always confronted by certain problems such as multiple 

and conflicting criteria to select suitable projects. Managers and decision makers must select 

some of the most attractive and profitable projects between the alternatives by considering 

different aspects of the project's efficiency [5]. In other words, the project selection process 

allocates limited resources to a set of projects considering the goals of the organization [6]. 

Since project selection is often characterized by multiple, conflicting and incommensurate 

criteria, it is a very difficult and complex decision-making process. In addition, there is a 

high level of uncertainty and incompleteness in project information, which makes this 

decision-making more complex [7]. Inappropriate decisions in project selection can lead to 

significant negative outcomes for the organization. First and foremost, there is an 

opportunity cost in terms of the resources that are wasted on unsuitable projects as the 

organization loses the benefits it could have gained if these resources had been spent on 
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more suitable alternatives [8]. Since project selection has been a challenging issue for 

managers, many methods and criteria have been presented for selecting the best portfolio of 

projects [9].  

Classical project selection methods concentrate on quantitative and financial tools such as 

discounted cash flow, net present value (NPV), return on investment (ROI) and payback 

period [10]. These approaches ignore many factors impacting the project selection and do 

not provide a useful transformative formula to combine all relevant criteria into a single 

decision-making model [11]. Therefore, multiple-criteria scoring and ranking methods have 

been widely employed to improve the project selection process. These methods are used to 

score projects with respect to each of the valuation objectives. Each objective is assigned a 

weight and each project is scored with respect to the objectives. There have been many 

criteria for selecting the projects. Table 1 shows a brief review of several project portfolio 

selection research and their considered criteria. 

To the best of our knowledge, no study has considered complexity as a criterion in the 

project selection process. 

 
Table 1: A brief review of the project portfolio selection researches 

Category Approach Authors Considered criteria 

Benefit 

Measurement 

Comparative 

models 
Ghorbal-Blal [12] Costs and benefits 

Scoring models Nelson [13] 

Technology, equipment, 

workload elasticity of 

capacity, cost/budget 

ratio and NPV 

AHP models 
Anagnostopoulos and Petalas 

[14] 

Economic, social and 

environmental benefits. 

Mathematical 

Programming 

Robust optimization Hassanzadeh et al. [15] 
Costs, contract values and 

schedules 

Constraint 

programming 
Liu and Wang [16] 

Summarized profit of the 

selected projects 

Linear 

programming 

models 

Shakhsi-Niaei et al. [2] 

Cost, methodology, 

personnel, scientific and 

technical capabilities 

Dynamic 

programming 

models 

Kyparisis et al. [17] Time-dependent NPV 

Fuzzy mathematical 

models 
Khalili-Damghani et al. [18] 

Net profit, costs, internal 

rate of return, unused 

resources 

Cognitive 

Emulation 

Decision-tree 

approaches 
Heidenberger [19] 

Cash, manpower, gross 

return 

Game-theory 

approaches 
Grossman and Shapiro [20] Technological competition 
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Statistical 

approaches 
Stahl and Harrell [21] 

Cost/benefit ratio, technical 

merit, resource availability, 

likelihood of success, time 

period, need 

Decision process 

analysis 
Schmidt and Freeland [22] 

Learning, strategies 

formulation, goals, policies 

and project implementation 

Simulation and 

Heuristics 

Monte Carlo 

simulation 
Shakhsi-Niaei et al. [23] 

Cost, methodology, 

personnel, scientific and 

technical capabilities 

Conceptual mixed 

methods 
Martinsuo et al. [24] 

Uncertainty from 

organizational complexity, 

environment and single 

projects 

Real Options 

Analysis 

Active decision-

making considering 

uncertainty 

Luehrman [25] 

NPV, expenditures, time to 

expiration, rate of return and 

variance of return 

Case-based 

reasoning 
Li et al. [26] 

Team and Manager 

experience, end year, 

duration, coding language, 

transactions, entities, project 

size, envergure, person 

hours 

Ad-hoc 

Modelling 

Unstructured and 

built-for-specific-

purpose models 

Hall and Nauda [27] 
Additional expected annual 

profit 

 

2.2 Project complexity 

There is no single concept of complexity that can adequately capture our intuitive notion of 

what the term “project complexity” ought to mean. This is because there is no consensus on 

the meaning of project complexity and the origins of complexity [28].  

Baccarini [29] classified the complexity of projects into organizational and technical 

aspects. Organizational complexity refers to human resources and management, while 

technical complexity refers to technological progress and new methods of carrying out a 

project. He noted uncertainty and risk of projects as the main sources of complexity and 

classified uncertainty and risk in goals, recourses, technology and effective elements in 

projects. Thus, the main factor added to the literature of complexity was risk. 

Based on the studies of several researchers, i.e., Baccarini [29], Edmonds [30], and Bocquet 

et al. [31], we coin the following definition of project complexity: “The property of a project 

which makes it difficult to be understood, foreseen and kept under control, even when 

reasonably complete information about the project system is given.” According to this definition, 

the most important aspect of complexity is the unpredictability of the behavior of a project. 

Numerous methods and models have been presented for measuring project complexity 

(Latva-Koivisto [32], Nassar and Hegab [33], Vidal et al. [1] & [34]). These models and 

methods can be classified into the following categories: 
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 Some models concentrate on one (or two) element(s) of the project like scheduling of the 

project or its sequencing problem [34]. 

 In the second group, the complexity of the project is fully dependent on its structure and as it 

changes, the complexity degree, which is calculated by the model, may be changed (e.g., 

Kaimann [35], Temperley [36], Nassar and Hegab [33]). 

 The third group is more comprehensive as it concentrates on some important concepts like 

informational or systems-thinking-oriented measures. Information measures refer to the 

amount of time needed for transferring information through the whole project structure. In 

other words, the lower the speed of transferring information and disorder in a project, the 

higher the complexity of a project. Some models use entropic measurement of the 

complexity by Shannon or systems-thinking methods. Haas [37] described project 

complexity using a complicated system-thinking method which has some parameters 

including team composition and performance, cost and duration of project, political 

sensitivity and number of stakeholders. 

The main limitation of the first group is that these models do not measure the whole 

complexity of the project. In other words, they just concentrate on one or two elements of 

the project like scheduling and do not show the complexity of the whole project.  

The graph-based models, the second group, ignore the circumstances of the project. For 

example, two particular projects may have identical networks, but be performed in different 

environments, which makes their complexity especially different. 

The third group, although more comprehensive and reliable, may have troublesome 

computational burden. Models like that of Shannon [38] or Haas [37] are difficult to 

calculate and analyze. 

In order to resolve these problems, this paper presents a model which is tangible and 

easy-to-calculate and also represents the different resources of project complexity. The 

proposed model does not concentrate on the single elements of a project and instead takes 

into consideration the whole aspects of a project’s effects on project complexity. The model 

is completely independent from the network graph of the projects. The proposed model does 

not have high computational complexity and can be easily used and understood by 

managers.  

 

 

3. RESEARCH METHODOLOGY 
 

Our research methodology consists of two main phases: 1) measuring the individual 

complexity of projects and 2) incorporating interactive complexities into the project 

portfolio selection problem. In the first phase, certain steps are taken in order to measure 

individual project complexities and in the second, the complexity indexes are incorporated 

in the project portfolio selection model. Fig. 1 presents the steps of our research 

methodology. 

In the first step, the effects of the most important factors on project complexity are 

identified via a comprehensive study of several important factors. This includes the 

examination of, some related research, books and documents of several megaprojects. Also, 

the views of experts are considered in order to capture the factors which may have been 

ignored in previously published research. The output of this phase is the list of identified 
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factors related to different complexity aspects. 
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Figure 1. Research methodology 
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Then, the list of complexity factors is shortened and their weights determined. This step 

is taken through three sub-steps including two runs of questionnaire surveys and their 

analysis. Although the questionnaire methods and the chosen sample sizes are different in 

the literature, a group of 9 to 18 experts is recommended [39]. Okoli and Pawlowski [40] 

suggest that an expert classification should be done before sending the questionnaire. 

Skulmoski et al. [41] recommend participants’ required competencies; 

 being an expert in the related field, at least 10 years of experience, 

 enough enthusiasm, capacity and time to participate, 

 good communication skills. 

In the second questionnaire survey, experts were asked to assign a score to those factors 

which are extracted from the first questionnaire. Prior to this, the detailed results of the first 

questionnaire were presented to them. Since this step is very important, some statistical 

experiments were carried out on the gathered data in order to improve the quality and the 

accuracy of the results. Cronbach's alpha was used to determine whether the scales were 

reliable and to drop the unusual scores. Moreover, principal component analysis (PCA) was 

employed to find possible principal components. Then, the weights of final complexity 

factors were determined based on the scores assigned by the experts. 

After selection of final factors and determining their weights, measurement scales were 

designed for determining different levels in each selected factor. In order to do this, several 

meetings were held with five leading project management experts, who had at least 15 years 

of international experience. The chosen experts had good communication skills and 

extensive executive and academic experience in the project management field. After 

determining the measurement scale for each factor, it is possible to calculate the complexity 

of projects using the factors, weights and measurement scales. 

The last phase is to construct a project portfolio selection model using aggregated 

complexity, taking into account possible interactions between the projects. The proposed 

project portfolio selection model has two objectives, i.e. maximizing the total net present 

value and minimizing the aggregated complexity of the selected projects. The model 

considers the possible interactions between a pair of projects if both are selected. Special 

constraints can be added to the model, for example segmentation, policy and logical 

constraints. 

As mentioned before, the complexity of the project portfolio is not requisitely equal to 

the summation of complexity of individual projects owing to the possible existence of 

positive or negative interactions between the selected projects. Therefore, interactions 

between projects are also accounted for in the proposed model. 

The results of the model are some efficient solutions which suggest the optimal 

combination of projects considering possible interactions between the projects and also their 

individual complexities. 

 

 

4. MEASURING THE COMPLEXITY OF THE PROJECTS 
 

In relation to the definition of project complexity presented in Section 2-2, this is something 

more than uncertainty or having multiple elements because the complexity has several 

factors and aspects which can affect the project. We classified the complexity resources into 
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structural and environmental components. Structural complexity is related to the mechanism 

of a project and can be further classified into multiplicity, variety and inter-dependency 

between project elements. On the other hand, environmental complexity refers to the 

surrounding factors of a project like risks and uncertainty. Fig. 2 shows the proposed 

classification for the components of the project complexity. 

 

Project 
Complexity

Structural Environmental

InterdependencyVariety Multiplicity

 
Figure 2. Components of project complexity 

 

After classifying the components of project complexity, a procedure which contains the 

following steps is implemented in order to calculate the complexity index for each 

individual project.  

It is pertinent to note that the factors identified here cannot be generalized to all countries 

and industries because each has its own features and specifications. However, they can be 

easily identified by implementing the same methodology in the respective country/industry. 

 

4.1 Determining the most important factors and their weights 

This step was taken via the following sub-steps.  

 

4.1.1 Identifying complexity factors 

After reviewing the relevant literature, a comprehensive list including 60 factors was 

extracted, as shown in the second column of Table 2. It contains 49 structural and 11 

environmental factors. Among the structural factors, 18 are related to multiplicity, 12 to 

variety and 19 to interdependency. However, the data gathering process would be 

overwhelming, and so this calls for a shortening of the list which is achieved via two runs of 

questionnaire surveys. 

 

4.1.2 Identifying the factors with significant effect on the complexity – first run 

Nine academic and nine experienced project managers participated in this survey: nine 

males and nine females. The experts were asked to study the 60 factors and select the 10 

most important factors by assigning a number between 0 and 100 to each selected factor, 

which is consequently treated as its weight. Moreover, each expert was allowed to add some 

additional factors to the list. 

The questionnaires were carefully analyzed using the IBM SPSS Statistics Software. In 

this run of the survey, the factors which cover 70% of cumulative normalized weights were 

extracted and used as the input of the second run. This decision is made based on a 

generalization of the Pareto principle which states that, for many applications, 
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approximately 80% of the effects emerge from 20% of the causes [42]. In this regard, 19 

factors that cover 70% of the cumulative normalized weight of experts’ scores are selected, 

as shown in bold in the last column of Table 2. 

 
Table 2: Selecting the most important factors through the first run of the survey 

Row Factor 

Complexity 

aspect and 

sub-aspect 

Sum of 

assigned 

weights 

Cumulative 

normalized 

weight 

1 Political restrictions Env - 75 0.078947 

2 Number of decision makers Str Mult 69 0.15157 

3 Number of activities Str Mult 57 0.21158 

4 Number of goals of project Str Mult 45 0.25900 

5 Number of components Str Mult 43 0.30421 

6 Variety of components Str Var 38 0.34421 

7 Interdependency between activities Str Int 38 0.38421 

8 
New sudden programmers and laws effective in 

project 
Env - 35 0.42105 

9 Interdependencies with environment Env - 32 0.45473 

10 Technological changes Env - 29 0.45826 

11 
Interdependencies with other projects of 

organization 
Str Int 27 0.51368 

12 Interdependencies between phases of the project Str Int 25 0.54000 

13 Number of deliverables Str Mult 24 0.56526 

14 Inflation in materials used in project Env - 24 0.59052 

15 Variety of hierarchical levels in organization Str Var 22 0.61368 

16 Variety of needed skills Str Var 22 0.63684 

17 Number of suppliers Str Mult 20 0.65789 

18 Number of hierarchical levels in organization Str Mult 20 0.67894 

19 Feedback loops in project graph Str Int 20 0.70000 

20 Interdependencies with suppliers Str Int 20 0.72105 

21 Largeness of investment Str Mult 18 0.74000 

22 Dependencies between activities of the project Str Int 18 0.75894 

23 Number of stakeholders Str Mult 16 0.77578 

24 Number of groups in project Str Mult 16 0.79263 

25 Influence of beneficiaries Env - 16 0.80947 

26 Number of staff Str Mult 15 0.82526 

27 Number of managers Str Mult 15 0.84105 

28 Variety of interests of stakeholders Str Var 13 0.85473 

29 Interdependencies between goals Str Int 12 0.86736 

30 Number of connectors Str Mult 10 0.87789 

31 Number of departments involved Str Mult 10 0.88842 

32 Quantity of resources Str Mult 10 0.89889 

33 Access to human and resources  Str Int 10 0.90947 

34 Protests and political unrests Env - 10 0.92000 

35 Number of investors Str Mult 9 0.92947 

36 Variety of financial resources Str Var 9 0.93849 

37 Projects should share with them Str Mult 8 0.94736 
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Row Factor 

Complexity 

aspect and 

sub-aspect 

Sum of 

assigned 

weights 

Cumulative 

normalized 

weight 

38 Variety of skills needed Str Var 8 0.95578 

39 Variety of organizational dependency Str Var 8 0.96421 

40 Relations between stakeholders Str Int 8 0.97263 

41 Local laws and regulations Env - 8 0.98105 

42 Variety of information systems Str Var 7 0.98842 

43 Decisions of local government Env - 6 0.99473 

44 Number of information systems Str Mult 5 1 

45 Duration of the project Str Mult 0 1 

46 Process interdependencies Str Int 0 1 

47 Variety of stakeholder’s status Str Var 0 1 

48 
Variety of project management tools and 

methods used 
Str Var 0 1 

49 Variety of management ranks Str Var 0 1 

50 Dependencies between sites Str Int 0 1 

51 
Team cooperation and communication between 

staff 
Str Int 0 1 

52 Dependencies with permanent organization Str Int 0 1 

53 Relations between staff Str Int 0 1 

54 Dependencies between staff Str Int 0 1 

55 Dependencies with local weather Env - 0 1 

56 Cooperation between managers Str Int 0 1 

57 Cultural configuration and variety Env - 0 1 

58 Competitors Env - 0 1 

59 Noise in input data Env - 0 1 

60 Location of stakeholders Str Int 0 1 

 

4.1.3 The second survey  

In the previous step, 19 factors were extracted which cover 70% of cumulative normalized 

weights of experts’ scores. Thereafter the second questionnaire was designed and 18 experts 

were asked to assign a score of between 0 and 100 to those 19 factors. Subsequently, 10 

factors which had the highest scores were selected. Table 3 shows the final 10 factors and 

also their weights. Of these 10 factors, four are environmental and six are structural. 

 

Table 3: Final selected factors and their weights 

Row Factor 

Complexity 

aspect and 

sub-aspect 

Sum of 

assigned 

weights 

Cumulative 

normalized 

weight 

1 Political restrictions Env - 65.66 0.124 

2 Inflation in materials used in project Env - 59.38 0.112 

3 Number of decision makers Str Mult 57.17 0.108 

4 
New sudden regulations and laws effective in 

project 
Env - 54.71 0.103 
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Row Factor 

Complexity 

aspect and 

sub-aspect 

Sum of 

assigned 

weights 

Cumulative 

normalized 

weight 

5 Number of components Str Mult 52.14 0.098 

6 Interdependency between activities Str Int 50.83 0.096 

7 Number of activities Str Mult 50 0.094 

8 
Interdependencies between phases of the 

project 
Str Int 47.51 0.09 

9 Technological changes Env - 46.28 0.087 

10 Variety of needed skills Str Var 46.25 0.087 

 

4.2 Defining measurement scales for the selected factors 

Table 4 shows the defined scales for each complexity factor which have been determined by 

the experts. 

 
Table 4: Description of scales defined for the complexity factors 

Factor 
Scales 

0 0.5 1 

Political restriction It is not very likely It is quite likely 
It exists now and is 

likely to continue 

Inflation Lower than 5% Between 5% and 10% Greater than 10% 

Number of decision 

makers 
Not greater than three Four or five More than five 

New regulations and 

laws affecting the project 
It is unlikely It is rather likely It is extremely likely 

Number of components Less than 50 Between 50 and 200 More than 200 

Interdependency between 

activities 

There is no or very 

low interdependencies 
Partial dependencies Total interdependencies 

Number of main 

activities 
Less than 100 Between 100 and 200 More than 200 

Interdependencies 

between phases 

There is no or very 

low interdependencies 
Partial dependencies Total interdependencies 

Technological changes It is unlikely It is rather likely It is extremely likely 

Variety of skills needed Less than 10 skills Between 10 and 15 skills More than 15 skills 

 

The calculation of the aggregated complexity is described in the next section; this is 

where the combination of selected projects can affect the total complexity of the project 

portfolio. 
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5. PROPOSED PROJECT SELECTION MODEL INCLUDING 

AGGREGATED COMPLEXITY 
 

The notation used in our project portfolio selection model is as follows; parameters are 

shown in capitals. 

 

Indexes: 

i,k  Candidate projects. 

j  Complexity factors.  

Parameters: 

Wj Weight of factor j. 

NPVi Net present value of project i. 

Dikj Positive or negative interactive effect on factor j if projects i and k are both 

selected. 

Ci Budget needed for project i. 

Sij Score of project i in factor j. 

B Total budget of organization. 

BR Minimum preferred rate of budget consumption. 

Variables: 

yi Binary variable representing selection/not selection of project i. 

yyik Binary variable showing selection/not selection of projects i and k simultaneously. 

z1 Sum of net present value of selected projects. 

z2 Aggregated complexity of selected projects. 

The primary portfolio selection model is formulated as follows. 

 

Max 𝑧1=  𝑦𝑖  
𝑛
𝑖=1 𝑁𝑃𝑉𝑖 , (1) 

Min 𝑧2 =   𝑊𝑗
𝑚
𝑗=1

𝑛
𝑖=1 𝑆𝑖𝑗𝑦𝑖+    𝑊𝑗

𝑚
𝑗=1

𝑛
𝑘≠𝑖

𝑛
𝑖=1 𝐷𝑖𝑘𝑗 𝑦𝑖𝑦𝑘 , (2) 

Subject to:  
 𝑦𝑖  𝐶𝑖  
𝑛
𝑖=1 ≤ 𝐵, (3) 

 𝑦𝑖  𝐶𝑖  
𝑛
𝑖=1 ≥ 𝐵. BR, (4) 

𝑦𝑖 ,𝑦𝑘 ∈ [0, 1]. (5) 

 

Equation (1) maximizes total NPV and Equation (2) minimizes the complexity of the 

portfolio. Equation (3) restricts the expenditures to the governmental/organizational budget. 

In the considered case study, there was a tacit rule that the organization ought to spend at 

least a specific portion of its current budget in order to receive the same amount of budget in 

the next year from the related ministry. In this way, Equation (4) enforces that BR percent of 

the budget should be spent for the projects. The multiplication of yi and yk, as two variables, 

makes the model non-linear, which may result in non-optimal final solutions. Thus, the 

model is mapped into a linear model via defining a new variable yyik, which is equal to 1 if 

both projects i and k are selected, 0 otherwise. In addition, equations (6) to (8) should be 

added to the model in order to formulate the relations between yyik , yi and yk variables. 

 

𝑦𝑦𝑖𝑘 ≤  𝑦𝑖  , ∀𝑖, 𝑘, (6) 

𝑦𝑦𝑖𝑘 ≤  𝑦𝑘  , ∀𝑖,𝑘, (7) 
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𝑦𝑦𝑖𝑘 ≥ 𝑦𝑖  + 𝑦𝑘  − 1 ,∀𝑖,𝑘 (8) 

 

It should be noted that if there are interactive effects between triple or even larger subsets 

of projects, the positive or negative interactive effects can be formulated by adding one or 

more indices to parameter Dikj. Moreover, the Equations (6–8) should be extended in order 

to cover the new index. 

 

 

6. CASE STUDY 
 

The case study presented here shows the application of the proposed model to a municipal-

related organization. The considered organization provides several municipal services in the 

city of Tehran and performs three types of projects, entitled A, B and C, based on the 

projects required by Tehran municipality. The projects of the organization are scattered over 

22 municipal districts in Tehran, which vary in the number of projects required. Fig. 3 

illustrates the distribution of 40 candidate projects over the map of Tehran. 

 

 
Figure 3. Distribution of candidate projects and their types 

 

The organization has an annual budget of 1842 (×1000 USD), which is considered in 

Equation (9). 

 

 𝑦𝑖  𝐶𝑖 

𝑛

𝑖=1

≤ 6000 (9) 

 

Based on the experts' comments, the total A-type projects should not be greater than 0.1 
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of all the selected projects. Also, more than 0.3 of projects should not be from type B and, 

finally, the C-type projects should not be more than 0.6 of all those selected. Thus, based on 

these limitations, constraints (10), (11) and (12) are added to the model. 

 

𝑦2+ 𝑦7+ 𝑦9+ 𝑦12+ 𝑦13+ 

𝑦14+𝑦17+𝑦22+𝑦23+𝑦26+𝑦28+𝑦37+𝑦38+𝑦39 ≤0.1 𝑦𝑖
𝑛
𝑖=1 , 

(10) 

𝑦5+ 𝑦8+ 𝑦15+ 𝑦19+ 𝑦29+ 𝑦34+𝑦40 ≤0.3 𝑦𝑖
𝑛
𝑖=1 , (11) 

𝑦1+ 𝑦3+ 𝑦4+ 𝑦6+ 𝑦10+ 𝑦11+𝑦16+𝑦18+𝑦20+𝑦21+𝑦24+𝑦25+𝑦27+𝑦30 + 𝑦31+ 

𝑦32+ 𝑦33+ 𝑦35+ 𝑦36 ≤ 0.6  𝑦𝑖
𝑛
𝑖=1 . 

(12) 

 

The organization should spend at least 0.8 of its allocated budget. Therefore, constraint 

(13) is added to the model. 

 

 𝑦𝑖  𝐶𝑖  

𝑛

𝑖=1

≥ 4800 (13) 

 

Other information about the projects is shown in Table 5. 

 
Table 5: Data set of alternative projects in the case study 

Project Segment Cost (×1000 USD) NPV (×1000 USD) 

Project 1 C 120.97 35.31 

Project 2 A 11.21 3.99 

Project 3 C 124.19 39.91 

Project 4 C 130.03 53.42 

Project 5 B 46.52 4.30 

Project 6 C 123.89 37.46 

Project 7 A 11.97 3.68 

Project 8 B 43.60 13.82 

Project 9 A 11.82 4.61 

Project 10 C 129.87 53.42 

Project 11 C 114.06 3.68 

Project 12 A 13.05 3.38 

Project 13 A 12.59 5.53 

Project 14 A 12.43 6.14 

Project 15 B 51.12 7.37 

Project 16 C 132.02 37.15 

Project 17 A 12.13 4.30 

Project 18 C 120.05 42.68 

Project 19 B 44.37 11.97 

Project 20 C 113.45 26.40 

Project 21 C 112.07 32.85 

Project 22 A 13.66 6.45 

Project 23 A 13.20 4.91 

Project 24 C 122.81 18.42 

Project 25 C 116.52 26.40 
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Project 26 A 12.59 4.61 

Project 27 C 120.05 3.07 

Project 28 A 11.97 3.68 

Project 29 B 46.05 20.88 

Project 30 C 123.43 23.33 

Project 31 C 130.33 29.17 

Project 32 C 122.35 4.61 

Project 33 C 109.46 23.64 

Project 34 B 41.76 11.97 

Project 35 C 124.65 11.05 

Project 36 C 131.41 6.75 

Project 37 A 12.59 4.91 

Project 38 A 12.13 3.38 

Project 39 A 12.43 4.30 

Project 40 B 46.52 10.44 

 

Since there are 40 alternative projects and 10 complexity factors, 400 𝑆𝑖𝑗  have been 

evaluated. The next step is to determine the possible interactions between pair of projects 

(𝑑𝑖𝑘𝑗 ) . Eight pair of projects with interactive effects were detected as: 𝑑3,6,10= 0.3, 𝑑6,11,3= -

0.2, 𝑑7,9,3= 0.3, 𝑑10,18,3= -0.4, 𝑑13,17,10= 0.3, 𝑑16,24,10= - 0.3, 𝑑28,39,10 = 0.3 and 𝑑31,36,3= 

0.2. For example, by performing projects 3 and 6 simultaneously, some issues related to the 

environment of the project and local government may arise which need extra skills. This 

negative interaction, increase in complexity, is evaluated by 𝑑3,6,10= 0.3. As another 

example, if project 6 is performed, a part of the supervisions will be unnecessary for project 

11. Hence, the supervision team of project 11 will be shrunk. This positive interaction is 

evaluated with 𝑑6,11,3= -0.2. 

The proposed mathematical model has been formulated as a bi-objective mixed-integer-

linear-programming model. Among all the approaches for solving multi-objective problems, 

ε-constrained method seems to be the most common method [43]. By altering one parameter 

in the right-hand side of the constrained objective functions, several efficient solutions of the 

problem are obtained. A famous version of ε-constrained method is augmented ε-

constrained method (AUGMECON) presented by Mavrotas [44], who provides further 

information about the AUGMECON method. 

The final result of the model is a frontier of solutions called Pareto-optimal set. Since 

managers have different levels of risk taking, the convenient portfolio can be widely varied for 

different managers. In the proposed model, the manager can increase the probability of having 

higher returns by taking more level of complexity (risk) and vice versa. Based on different 

levels of complexity, the efficient frontier is classified and efficient solutions are obtained. In 

an efficient solution, it is impossible to make any better objective function value without 

making at least another objective function worse. Fig. 4 shows a sample efficient frontier for a 

numerical example extracted from Mavrotas [44], including points A’, B’, C’, D’ and E’. 

A pay-off table is determined in the case study by calculating the range that objective 

functions can vary. In this way, 𝑧1 is optimised (𝑧1
∗) and the value of 𝑧2 is calculated based 

on this solution, which is not requisitely optimised. Then, 𝑧2 is optimized (𝑧2
∗) and the 

related value of 𝑧1 is then calculated. The resulting payoff is shown in Table 6. 
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Figure 4. A sample efficient frontier (Mavrotas, 2009) 

 

Table 6: Pay-off table in the case study 

Objective function which is optimized z1 z2 

z1 1716* -10.511 

z2 1334 -9.395* 

 *: optimized value 
 

The next step is to create new objective function and constraints based on the determined 

pay-off table and the altering parameter, α. The new model is: 
 

𝑀𝑎𝑥 𝑧2 = −   𝑊𝑗

𝑚

𝑗=1

𝑛

𝑖=1

𝑆𝑖𝑗 𝑦𝑖 +     𝑊𝑗

𝑚

𝑗=1

𝑛

𝑘≠𝑖

𝑛

𝑖=1

𝑑𝑖𝑘𝑗 𝑦𝑦𝑖𝑘 .

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜:

  𝑦𝑖  

𝑛

𝑖=1

𝑁𝑃𝑉𝑖 ≥  1334 +  α  1716 − 1334 .

 
In addition to equations (6− 13)

𝑦𝑖  𝑎𝑛𝑑 𝑦𝑦𝑖𝑘 ∈  0,1 .

 (14) 

 

By solving the model with different α values from 0 to 1, the frontier of efficient 

solutions will be estimated. Table 7 shows the efficient solutions which are plotted in Fig. 5. 
 

Table 7: Efficient solutions for objective functions 

Α 𝑧1 𝑧2 

0 1334 -9.395 

0.1 1422 -9.407 

0.2 1422 -9.407 

0.3 1472 -9.465 

0.4 1494 -9.492 

0.5 1527 -9.537 

0.6 1571 -9.588 

0.7 1602 -9.730 

0.8 1641 -9.779 

0.9 1678 -9.989 

1 1716 -10.511 
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Figure 5. Efficient solutions 

 

Any efficient solution can be selected as the final solution according to the preferences of 

the decision makers. For example, if a decision maker considers the same priority for two 

objective functions, α is considered equal to 0.5 and projects 1–5, 8, 10, 12, 15, 18–21, 25 

and 29–34 are selected as the portfolio of projects with total NPV of 1527. Based on 

different values of α, maximum changes in NPV and complexity objective functions are 382 

and 1.116 units, respectively. 

The first point on the efficient frontier (1330, -9.4) has less complexity degree, but also 

the least return. On the other hand, the last point (1730, -10.6) has more complexity and also 

a higher potential return. 

 

 

7. COMPUTATIONAL COMPLEXITY 
 

In real-world applications, public project-based organizations are faced with much more 

projects in comparison to the size of our case study. For example, some state organizations 

may have to choose from a portfolio of between 500 and 1000 candidate projects. Thus, the 

main question here is whether the proposed model can be efficiently solved when faced with 

such large dimensions. 

In order to analyze the model in this respect, several numerical examples are randomly 

generated and solved with the aforementioned model. In this way, problems with 100, 200, 

500, 1000 and 5000 projects are solved by GAMS 24.1.2 on a personal computer with a 2 

GHz Pentium® Dual-Core CPU. Table 8 shows the computational time required for each 

problem. It is clear that the time needed to solve these problems, even with high dimensions, 

is logical. For this reason, there is no need to implement any approximate approaches to 

solve the real-sized problems. Fig. 6 shows the relation between the number of projects and 

the required computational time. 
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Table 8: Computational time for different problem sizes 

Number of projects Computational time (minutes) 

100 3.561 

200 6.385 

500 10.875 

1000 14.789 

2000 16.125 

3000 17.565 

4000 19.356 

5000 20.470 

 

 
Figure 6. Relation between number of projects and computational time 

 

 

8. CONCLUSION 
 

In this paper, a comprehensive approach is proposed for project portfolio selection, which 

covers two main phases, i.e., measuring the individual complexity of projects and 

incorporating interactive complexities into the project portfolio selection model. To do so, a 

definition of complexity is first presented based on various existing research. Moreover, the 

possible sources of project complexity are determined – and the most important factors are 

identified by conducting two runs of a survey. A model is proposed for considering the 

aggregated complexity of the selected projects. The model can show the sources of 

complexity in projects and help decision makers to find and control the origins of the 

complexity in the projects. In order to show the usefulness of the model and its applicability 

in practice, a case study is presented.  

The results show that the complexity degree of a portfolio may be different from the sum 

of complexity degrees of individual projects because of possible interactions between them. 

In order to evaluate the capability of the model to solve real-world large-sized problems, 

some numerical examples are randomly generated and tested; the results prove that the 

proposed model can be implemented even with 5000 candidate projects. There are also 
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several ways to extend this work. First, an expert system can be used in order to show the 

complexity and its sources in different projects. The expert system may calculate the 

complexity degree of projects more accurately and help managers to make decisions more 

systematically.  
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