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ABSTRACT: Project interdependency modeling and analysis have has been ignored in project portfolio management. There 

are five types of project portfolio interdependencies: benefit, risk, outcome, schedule and resources. In the case of risks 
interdependencies a positive or negative correlation of risks occurs provoking risk diversification or amplification effects. In 
this work project portfolio risk interdependencies are modeled using the computing with word (CWW) paradigm. We 
propose a new method for modeling project portfolio interdependencies, and specially risks interdependencies, using the 2-
tuples linguistic model and fuzzy cognitive maps. This proposal has many advantages for dealing with linguistic information 
making simpler the elicitation of knowledge from experts. Building a 2-tuple fuzzy cognitive map follows an approach more 
similar to human reasoning and the human decision making process. An illustrative example showed the applicability of the 
proposal. The paper ends with recommendation of future works that will concentrate on three objectives. 
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1 INTRODUCTION 

A portfolio of project is a group of project that share resources creating relation among them of complementarities, 
incompatibility or synergy. Interdependency modeling and analysis have commonly been ignored in project portfolio 
management [1]. In an international survey only 38.6 % of responders understand this element[1]. Cost increasing, the lack 
of benefits exploitation[2] and the incorrect selection of projects [3] are among the negative consequences. 

There are five types of project portfolio interdependencies: benefit, risk, outcome, schedule and resources [4]. In the case 
of risks interdependencies a positive or negative correlation of risks might happen provoking risk diversification or 
amplification effects. In this work project portfolio risk interdependencies are modeled using computing with word (CWW).  

The development and evolution of individual and collective mental models is important for continuous learning in 
organizations [5]. Mental models are used in multicriteria decision support, knowledge management [6], learning and 
assessment of complex systems knowledge among other areas[7].  

Cognitive maps as proposed by Axelrod [8], have been used as a visual representation of mental models [9]. Nodes 
represent concept or variables in a given domain. Arcs indicate positive or negative causal connections among nodes. 
Cognitive mapping lacks representation of uncertainty in causal relation, an important and usual factor in complex systems 
modeling [10].  
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Fuzzy cognitive maps (FCM)[11] extends cognitive maps with fuzzy values in [-1,1] or linguistic values to indicate the 
strength of causal relations, frequently elicited from experts[12, 13]. Fuzzy logic allows to express the degree of causality 
between concepts through the use of fuzzy values in the range [-1,1], using linguistic expressions as " strong",  "negatively 
weak" " positively weak", etc. In these cases, linguistic information models in a flexibly way the knowledge and involves 
processes of computing with words (CWW) (5). 

This paper is structured as follows: Section 2 reviews some important concepts about linguistic representation model 
based in 2-tuples. Section 3 provides a revision about FCM. In Section 4, we present a model for modeling interdependencies 
in project portfolio risks. Section 5 shows an illustrative example. The paper ends with conclusions and further work 
recommendations in Section 6. 

2 LINGUISTIC REPRESENTATION MODEL BASED IN 2-TUPLES 

The linguistic representation model based in 2-tuples defines a set of transformation functions for linguistic 2-tuple in 
order to carry out the CWW process without loss of information [14]. This model has many advantages for dealing with 
linguistic information making easier the elicitation of preferences and knowledge from experts [15] .  

Definition 1.[16] Being β ∈ [0, g] a value that represents the result of a symbolic operation in the interval of granularity of 
the linguistic term terms set S = {s�, … , s
}. The symbolic translation is a numerical value assessed in [-0.5, 0.5) that supports 

the difference of information between a counting of information β assessed in the interval of granularity [0,g] of the term set 
S and the closest value in {0, . . . , g} which indicates the index of the closest linguistic term in S. 

The 2-tuple linguistic representation model defines a set of transformation functions between numeric values to facilitate 
linguistic computational processes. 

Definition 2.[16] The 2-tuple that expresses the equivalent information to β is obtained with the function ∆: [0, g] → S ×
[−0.5, 0.5) given by. 

∆�β) = �s�, ∝), with �s�, i = round�β)
∝= β − i,      (1) 

Where round is the usual rounding operation, s�has the closest index label to s� and ∝ is the value of the symbolic 
translation. 

We note that ∆ function is bijective [16] and ∆%&: [0, g] → S × [−0.5, 0.5) is defined by: 

∆%&�s�, ∝) = i+∝        (2) 

Then the 2-tuples of S × [ − 0.5, 0.5) will be idenLfied with numerical values in the interval [0, g]. 

3 FUZZY COGNITIVE MAPS 

A fuzzy cognitive maps (FCM) [11] are fuzzy graph structures for representing causal knowledge. FCM have been applied 
to many diverse areas specially decision support and complex systems analysis [17]. Also multiples extensions have been 
developed such as fuzzy grey cognitive maps [18], interval fuzzy cognitive maps [19], Intuitionistic fuzzy cognitive maps [20] 
and recently a linguistic 2-tuple fuzzy cognitive maps[21].  

The value of a concept is calculated at each simulation step, computing the influence of the interconnected concepts to 
the specific concept according to the following rule:  

A�
�)*&) = f,A�

�)) + ∑ A�
�))./0&,/1�	 ∙ W/�5 (3) 

Where A�
�)*&) is the state of the node i at the instant K+1 , W/� is the weight of the influence of j node over the i node, and 

f (x) is the activation function. The calculation halts if an equilibrium state is reached. 

 A model for decision making based on fuzzy cognitive maps using the paradigm of computing with words in order to 
provide causal models that are easily understood is proposed in [21]. To this end, the authors propose the use of linguistic 
representation model based on linguistic 2-tuple. The main advantage of the proposed decision-making based on fuzzy 
cognitive map model is that allows increasing the interpretability of causal models. The matrix representation of FCM allows 
to made causal inferences. In 2-tuple fuzzy cognitive maps [22]  
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4 FRAMEWORK FOR MODELLING PROJECT PORTFOLIO INTERDEPENDENCIES 

Our aim is develop framework for modeling project portfolio and its interrelation based CWW and FCM. The model 
consists of the following phases (graphically, Figure 1): 

 

Fig. 1. A Framework project portfolio risk interdependencies 

1. Perform initial preparation 

First, the information sources to be included in the study are identified.  An important parameter to be determined in this 
step is the “granularity of uncertainty given by the cardinality of the linguistic term set chosen [23], so that a source of 
information can express more easily the knowledge, it needs to have an appropriate set of linguistic descriptors. In order to 
facilitate the task, compliance with the following rules is recommended (24): 

• The number of terms on the left and right of the middle term should be the same. 

• The cardinality of a linguistic terms set should not be too small as to impose a precision restriction to the 
information that each source of information want to express and it should be large enough as to allow to make 
discrimination of the valuations by a limited number grades. 

2. Obtaining portfolio risks 

A portfolio risk breakdown structure with interdependencies is obtained. An example for a risk breakdown structure 
applicable to IT portfolios with interdependencies is shown in[4]. Each risk will be represented as a node in a FCM.  

3. Quantifying relationships between risks  

The weight from risk R� to risk R/given is represented my means of the 2-tuple linguistic model as follows: 

w�/ = �s7	, α)9:       (4) 

In the proposed model, causality type (positive, negative, non-existence) can be identified as follows: 

• W�/ < s
/=, which indicates negative causality between nodes C� and C/. The increase (decrease) in the value of C� 
leads to the decrease (increase) in the value of C/ .  

• W�/ > s
/=, which indicates positive causality between nodes C� and C/. The increase (decrease) in the value of C� leads 

to the increase (decrease) in the value of C/. 
• W�/ = s
/=, which indicates no relationship between nodes C� and C/. 

CASE STUDY 

The application of the proposed procedure in a case study is shown, in this case with the participation of an expert. A set 
of linguistic terms with granularity 9 (Table 1) was defined. Table 1. Linguistic terms associated to causal relationships. 
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Table 1. Linguistic terms associated to causal relationships 

Label Description 

@� Negatively very strong (NVS) 

@& Negatively strong (NS) 

@= Negatively medium (NM) 

@A Negatively week (NW) 

@B Zero (Z) 

@C Positively weak (PW) 

@D Positively medium (PM) 

@E Positively strong (PS) 

@F Positively very strong (PVS) 

 

The five risks R =	 �	r&, … , rC) identified are shown in Table 2.  

Table 2. Portfolio risks 

Node Description 

GH Project 1 Technical feasibility 

GI Project 1 Timely completion 

GJ Project 2 Timely completion  

GK Project 2 Code quality 

GL Project 3 Timely completion 

GM Project 3 Cultural acceptance 

 

The expert provides the following linguistic causal relations: 

N =

OB OB OE OB OB OBOB OB OC OB OB OBOB OB OB OB OB OBOB OB OB OB OB OBOB OB OC OB OB OBOB OB OC OC OB OB

 

 

Once modeled the relationships among concepts from the opinion of the experts, the following FCM is obtained (Figure 2) 
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Fig. 2. 2-tuple fuzzy cognitive map with risks interdependencies. 

In this example, the technical feasibility of project #1 (technical risk) could severely impact the timely completion of 
projects #2. Also, if no consistent tooling is used, and the agile development approach (project #3) is not culturally accepted, 
projects #2 are more likely to experience quality issues and time delay. 

5 CONCLUSION  

Interdependency among the many organizational components makes decision difficult. This paper proposes a new 
framework to model interdependencies in project portfolio. The linguistic 2-tuples representation model is used for 
representing relation among risks.  

Building a 2-tuple fuzzy cognitive map follows an approach more similar to human reasoning and the human decision-
making process. An illustrative example showed the applicability of the proposal.  

Future research will focus on conducting further real life experiments to test and promote the proposed framework. 
Further works will concentrate on three objectives: developing a consensus model and developing an expert system based on 
2-tuple fuzzy cognitive maps and extending the model to other areas of project portfolio interdependencies modeling. Other 
areas of future research are the combination with genetic algorithm when the search space is large, and the development of 
a tool to automate the process. 
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