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1. Introduction 

In this deliverable we present a detailed literature survey on the modeling/analysis 

methods and techniques that can be used to support the assessment and 

improvement of a Software Development Process. Establishing repeatable, predictable 

processes that improve productivity and software quality is the goal of a Software 

Process Improvement (SPI) project. To achieve these goals, all activities of a software 

development project need to be analyzed, documented, assessed and evaluated by 

appropriate techniques. 

Research in SPI processes and methods constitutes an important orientation in SPRINT 

SMEs project (Research in Software PRocess ImprovemeNT Methodologies for Greek 

Small & Medium sized Software Development Enterprises - SPRINT SMEs). In the 

following sections of the deliverable, various modeling/analysis methods will be 

presented. These methods can be used to support the SPI of various development 

activities in the context of a software development project. Also the deliverable 

presents several examples from literature of applying these methods in different SPI 

case studies / problems. 

The techniques that will be overviewed fall into the following categories:    

 Multi Criteria Decision Analysis Techniques [72], such as the Analytic Hierarchy 

Process-AHP and its extensions (Analytic Network Process and fuzzy AHP) [41], 

[42], [43]. These techniques can be applied to support the prioritization of 

improvement activities (according to a number of possibly conflicting criteria) 

and the packaging of the improvement issues in order to facilitate the 

determination of an appropriate action plan for an SPI project.  

 Simulation Techniques, such as discrete simulation (e.g., Petri Nets [10] ) or 

continuous time simulation approaches (e.g., Software Dynamics [44][45] ) can 
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help, for example, in analyzing the effects of requirements volatility in the 

cost/duration of a software process improvement project.  

 Social Network Analysis-SNA [47][48] can be used to improve the control of an 

improvement process by analyzing how basic process entities (e.g., members of 

the software development company staff) communicate and collaborate 

together.  

 Quality Assessment Techniques, such as the Quality Function Deployment–QFD 

[51] and the Goal-Question-Metrics Technique-GQM [66], can be followed to 

support the assessment of a software process improvement project by 

considering the perspectives of all stakeholders and calculating appropriate 

metrics to indicate the achievement of the project goals.  

 Probabilistic Techniques, like Bayesian Belief Networks [1][4] and Association 

Rules [33], can be also applied to an SPI project to estimate cost and duration of 

project activities.  

 Contemporary Investment Analysis Techniques, like Real Options Analysis [61], 

[65], can provide support to consider, from the perspective of uncertainty, 

alternative process improvement decisions and their effects on an organization 

financial costs/benefits.  

 

2. Multi Criteria Decision Analysis techniques 

2.1 Multi Criteria Decision Analysis 

In general, decision-making is the study of identifying and choosing alternatives based 

on the values and preferences of decision makers. Making a decision implies that some 

alternatives are to be considered and to select the alternative(s) that possibly best fits 

with the goals, objectives, desires and values of the problem. Selecting the appropriate 
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solution in many cases appears itself to be a multi-criteria problem since multiple (and 

possibly conflicting) criteria have to be considered, aggregated and synthesized [39].  

The framework of Multi Criteria Decision Analysis (MCDA) [72] provides approaches 

and set of techniques for calculating an overall rating and an ordering of alternative 

options, from the most beneficial to the least one, based on multiple 

selection/assessment criteria. Usually no option is obviously the best in achieving all 

objectives of a particular decision problem. In addition, conflicts or trade-offs are 

usually evident among the objectives. There are typically multiple conflicting criteria 

that need to be evaluated in making decisions. Costs and value (benefits) typically 

conflict, but so can short-term benefits compared to long-term ones. Also risks may be 

greater if one selects some more beneficial options. 

MCDA provides approaches to consider complex problems that are characterized by 

mixture of monetary (quantitative) and non-monetary (qualitative) objectives. A MCDA 

approach splits a decision problem into more manageable problem pieces to allow 

data and judgments to be brought on the pieces, and then of reassembling the pieces 

to present a coherent overall picture of the problem to decision makers. The purpose 

of a MCDM approach is to serve as an aid to thinking and decision making, but not to 

take the decision. As a set of techniques, MCDA provides different ways of 

disaggregating a complex problem, measuring the extent to which options achieve 

objectives, weighting the objectives, and reassembling the problem pieces.  

2.2 Steps in Applying a MCDA Approach 

This subsection presents a general, eight-step process for decision making through 

applying MCDA. Some of these steps are further divided into sub-steps. The details of 

this general process are presented in [72]. Some of the steps of the process are 

technical, while other steps require managerial decisions and expert judgment.  
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Table 1.Stages of a MCDA approach 

1. Establish the decision context. 

   1.1 Establish aims of the MCDA, and identify decision makers and other key players.  
   1.2 Design the socio-technical system for conducting the MCDA. 
   1.3 Consider the context of the appraisal. 
 
2. Identify the options to be appraised. 

 
3. Identify objectives and criteria. 
   3.1 Identify criteria for assessing the consequences of each option. 
   3.2 Organize the criteria by clustering them under high-level and lower-level 
objectives in a hierarchy. 
 
4. ‘Scoring’. Assess the expected performance of each option against the criteria. Then 
assess the value associated with the consequences of each option for each criterion. 
    4.1 Describe the consequences of the options.  
    4.2 Score the options on the criteria. 
    4.3 Check the consistency of the scores on each criterion. 

 
5. ‘Weighting’. Assign weights for each of the criterion to reflect their relative 
importance to the decision. 
 
6. Combine the weights and scores for each option to derive an overall value. 
    6.1 Calculate overall weighted scores at each level in the hierarchy.  
    6.2 Calculate overall weighted scores. 
 
7. Examine the results. 
 
8. Sensitivity analysis. 
    8.1 Conduct a sensitivity analysis: do other preferences or weights affect the overall 

ordering of the options? 
    8.2 Look at the advantage and disadvantages of selected options, and compare pairs 
of options. 
    8.3 Create possible new options that might be better than those originally 
considered.  
    8.4 Repeat the above steps until a ‘requisite’ model is obtained. 
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Steps 5 and 6 are the most technical ones that define the order of alternative options. 

In case when multiple criteria are considered in the evaluation, often a multi-attribute 

utility function is employed to aggregate the partial evaluations/performances and to 

select the most beneficial/less costly option.  

 

For example, if there are three criteria (C1, C2 and C3) for assessing the performances 

of two options depicted in the example of Figure 1, each k-th criterion would have a xk 

attribute, measuring the performance of options, an associated uk partial utility 

function and a wk weight. If an ai-th option were implemented, there would be three 

outcomes from each branch of the j-th event node: oi,j,k. Partial utility functions (uk) 

then convert partial performances into a partial utility value; and an overall utility 

function can then be calculated for each a i-th option: Ui, j(ai) = f[wk,uk (oi j,k)]. The 

option with the highest expected utility should be selected: EV(ai) = Σ pi, jUj, j(ai). 

 
Figure 1. MCDA with a multi attribute utility function 
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2.3 The Analytic Hierarchy Process- AHP 

The Analytic Hierarchy Process (AHP) is a MCDM method that was originally suggested 

by Saaty [41], [42]. AHP is a multi-criteria decision-making method which permits the 

relative assessment and prioritization of alternatives. AHP permits to integrate both 

quantitative and qualitative aspects of a decision making problem, and this 

characteristic makes AHP an efficient and effective method under complex contexts (  

Figure 2).  

Figure 2. The AHP method for multi criteria, complex decisions [43] 

 

AHP adopts the use of pairwise comparisons, which lead to the elaboration of a ratio 

scale between the evaluation criteria and the performances of any two alternatives 

with respect to each criterion. AHP follows a hierarchical approach to define/analyze a 

decision problem: an overall decision goal is determined, a group of alternatives have 

to be evaluated with respect to a group of criteria which link the alternatives to the 

decision goal. 

Pairwise comparisons are carried out by asking how more valuable an alternative A is 

with respect to each criterion than another alternative B. Saaty scales can transform 
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these judgments into numerical values. As shown inFigure 3, pairwise comparisons 

correspond to values in a square comparison matrix, the values of which are between 

1/9 and 9. The diagonal elements of the matrix are equal to 1, while the other values 

satisfy two conditions: 

 The i−jth element of the matrix is equal to the comparison between element i 

and element j regarding the considered criterion. 

 For i different from j, the i−jth element of the matrix is equal to the inverse of 

the j−ith element 

This piece of information can be processed mathematically, in order to transform user 

judgments and evaluations (either objective or subjective) into numerical values. 

Priorities are then determined by processing (i.e., by calculating eigenvalues [41], [42]) 

to these matrices and a global consistency test can be performed to evaluate the 

consistency of the users’ judgments. The final result is a global score for each 

alternative in the problem hierarchical structure. 

Figure 3. AHP pairwise reciprocal comparison matrix 

 

2.4 MCDA for Software Process Improvement and Assessment  

MCDA approaches have been typically employed for project allocation in more 

traditional fields of engineering, for example for assigning priorities in maintenance, 

repair and refurbishment of buildings [61]. There are few studies that suggest that a 

http://www.sciencedirect.com/science/article/pii/S0957417410011607#f0035
http://www.sciencedirect.com/science/article/pii/S0957417410011607#f0035
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MCDA approach may also be useful for supporting problems related to software 

engineering. For example, Lai et al. [35] suggest the use of a MCDA model to support a 

group of software engineers in selecting software applications; Wang and Lin [36] 

propose a method to define which items (functionalities) should be included in a 

software product to be developed; Ruhe et al. [37] also propose the use of the AHP to 

prioritize software requirements; Stamelos and Tsoukias [38] employ a multi-criteria 

model to evaluate the quality of software; Barkus et al. use MCDA in supporting 

software development work allocation in members of a distributed team [40]. 

A typical example problem in software process management is to select the right 

process that will be suitable for the particular application under development. This 

problem consists of many aspects: Which process is more efficient / effective? How 

much familiar is the development team with the selected process? What are the 

process needs in terms of tools, methods, techniques? Is the process time consuming? 

Does the process fits well with distributed teams? etc. Dependent to the context and 

the environment in which the application will be developed, these questions can 

become crucial and affect the decision of selecting the right software development 

process.  

A software process is described by a software life cycle model and a methodology (a 

set of rules, techniques, tools) to build a software product. Various processes have 

been proposed and used in practice by software developers. Moreover, international 

standards for software processes are already becoming a reality. According to [38] 

evaluation of software process is itself related with a typology of evaluation problems: 

 a software development company may wish to “design, adopt or adopt and 

tailor” a process, i.e., the research and development team members are asked 

to design their own process, adopt an already existing process as it is or adopt 

and customize an existing process, respectively, 

 a software development company may wish to “keep, improve or change” an 

existing process (that is to maintain the existing process, improve it or change it 

completely), 
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 a software development company may wish to choose among n different 

alternative processes. 

In the final case, the participating actors may have different concerns. Among the 

internal actors there can be users, customers, software managers, analysts, 

programmers, designers, testers, members of the quality department, researchers and 

members of the development department. External actors may be international 

standard organizations and consultants that provide assistance for the acquisition of 

an existing process.  

The set of different options, objectives includes process productivity and quality 

aspects, from the point of view of the development or from the point of view of the 

strategic issues concerning the company business. Cost, time and various issues 

related to the ability to manage the transition to the new process are resources that 

should be considered, while making the final decision requires examination of a set of 

possible decisions (keep, change, adopt, adopt and tailor a software development 

process). In particular, there multiple evaluation criteria which include cost (process 

set-up cost, investment in hw/sw infrastructure and tools, people training, process 

application cost etc.), quality of delivered products, product development time, 

compliance to standards and/or target user requirements. Process learning curves 

should also be taken into account. The scope of the final evaluation is the selection 

among one of the possible software development processes. 
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3. Simulation Techniques 

3.1. System Dynamics 

System Dynamics (SD), initially developed by Jay Forrester [44], is a method for 

qualitative description and analysis of complex systems and quantitative simulation of 

systems behavior. The SD model and its methodology put emphasis on 

conceptualization, formulation and simulation of a system/process. SD is now a 

computer-aided approach to perform policy analysis and design. It can be applied to 

dynamic problems which arise in complex social, managerial, economic, or ecological 

systems (these are the so called dynamic systems) characterized by interdependence, 

mutual interaction, information feedback, and circular causality. The span of 

applications that incorporate SD grew from corporate, industrial engineering problems 

to include the management of research and development, urban stagnation and 

decay, commodity cycles, software applications development, and the dynamics of 

growth in a finite population world. SD has been applied in economics, public policy, 

environmental studies, defense, theory-building in social science, and in many other 

areas.  

A SD model is analyzed through two stages, namely through qualitative and 

quantitative analysis. In the first stage, modelers identify the system variables for the 

problem in concern and develop a qualitative system model in the form of a causal 

loop diagram (CLD). In the second stage, the qualitative model is transformed into a 

system flow diagram that is calibrated for quantitative analysis using simulation 

techniques.  

The SD approach is based on the identification of resources, their states and rates at 

which resources change their states. Resources could be material, people, cash, 

orders, etc and each resource is associated with states. The rate at which a resource is 
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“moves” from one state to another is represented by rate variables. Thus, the first step 

in SD is to create the structure of a system with the goal of recognizing relevant 

resources and state [45]. Relevant resources related to the modeling goal should be 

identified, as well as states and rates at which resources change. Based on this, a stock 

and flow model (diagram) is constructed and model equations are derived. Table 2 

presents the basic steps for applying the SD method. 

Table 2 . The Steps of the SD method 

1. Defining a problem dynamically, in terms of graphs over time. 

2. Striving for an endogenous, behavioral view of the significant dynamics of a 
system, a focus inward on the characteristics of a system that themselves 
generate or exacerbate the perceived problem. 

3. Thinking of all concepts in the real system as continuous quantities 
interconnected in loops of information feedback and circular causality. 

4. Identifying independent stocks or accumulations (levels) in the system and 
their inflows and outflows (rates).   

5. Formulating a behavioral model capable of reproducing, by itself, the 
dynamic problem of concern. The model is usually a computer simulation 
model expressed in nonlinear equations, but is occasionally left not 
quantified as a diagram capturing the stock-and-flow/causal feedback 
structure of the system. 

6. Deriving understandings and applicable policy insights from the resulting 
model. 

7. Implementing changes resulting from model-based understandings and 
insights. 

The stock and flow diagram consists of four basic notations: Tank, Valve, Connector 

and Flow [19], [18],[15].  

 Tanks represent basic variables or quantities that change over time in a 

system  
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Figure 4. Tank 

 

These variables can be considered like water tanks having as value the 

amount of water they contain (e.g., a population variable can be defined that 

has as values the population of a country).  

Flow: The various quantities of a system represented in tanks of an SD model can 

flow into and out from various different tanks, like the water that can flow into and 

out from a water tank (Figure 5). Σφάλμα! Το αρχείο προέλευσης της αναφοράς δεν 

βρέθηκε.Figure 5. Flow 

 

 Valves: In Figure 6 a valve is depicted that acts as a cap over flows and 

controls the amount of flows into and out from tanks.  

Figure 6. Valve 

 

 Connector: Connectors (Figure 7) represent dependency relations in a SD 

model. For example, the value of a valve may depend on the value of a tank 

at a specific moment.  
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Figure 7. Connector 

 

Finally, there are many available software tools for supporting SD [19][20][21]. Nemo 

(Figure 8), for example, is a recent tool that allows modeling problems with SD method 

[19]. 

Figure 8 Nemo for creating SD 

 

3.2 System Dynamics for Software Development Processes  

System Dynamics (SD) have been used in the area of software application 

development and specifically for modeling and analyzing a software process. The 

Project Management Integrated Model [16] uses SD at the strategic and functional 

level of management to support planning and controlling of a software development 

process (Figure 9). 



17 

At the level of planning, the model focuses on predicting the outcomes of a software 

project and analyzing the project risks. At the level of project control, the model 

attempts to diagnose possible attitudes based on historical behavior. At the strategic 

level, a SD strategic model is used to cover all development lifecycle phases. At the 

functional level, a more complex SD model (System Dynamics Operational Model, 

SDOM) (Figure 10) is used to capture in detail the different development phases of a 

software lifecycle. 

SD models have also been used to predict possible improvement of software process 

development. In particular, SD was used in [22] to simulate a software development 

process (Figure 11). The simulations showed that increasing the level effort consumed 

during requirements elicitation will reduce to a certain level the evolvement time but 

will increase, in the long term, the quality of the final product. The simulation model 

presented in [22] presents the interdependencies of activities in a software 

development process and can be used by software managers for planning the activities 

in future projects. In each development phase, an influence diagram is suggested to be 

applied for further SD analysis. For example,  

Figure 12 depicts the influence diagram for a requirements elicitation process. 
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Figure 9. The PMIM model 
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Figure 10.SDOM for PMIM model 

 

Figure 11. SD model for requirements elicitation 
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Figure 12. Influence diagram for requirements elicitation 

 

3.3 Petri Nets 

The model of Petri nets was introduced by Carl Adam Petri in 1962 [9]. It is a graphical 

mathematical model for the representation of structure, control flows and 

data/information. The formalism of Petri nets has been widely used for modeling 

complex systems. Petri nets offer approaches to model any type of dynamic, 

asynchronous, distributed system [10]. Thus the formalism of Petri nets has been also 

used for modeling and analyzing software processes [11]. 

A Petri net is a kind of a directed, weighted, bipartite graph. A Petri net has an initial 

state that is called the “initial marking” M0 of the model. A Petri net consists of two 

kinds of nodes, called Places and Transitions. Places are drawn as circles and 

transitions are drawn as bars or boxes in the graph. Directed arcs are used to join 

them, from place to a transition, or from a transition to a place (Figure 13). Each arc is 
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labeled with a corresponding weight; weights are positive integers. A k-weighted arc 

can be interpreted as a set of k parallel arcs and unity weights are usually omitted.  

Figure 13. Petri net symbols 

 

A marking assigns to each place p a non-negative integer k, which implies that the 

place accommodates k tokens in it. A marking (denoted by M) is a m-vector, where m 

is the total number of the net places. M(p) denotes the number of tokens in place p.  

Generally, places can be used to represent conditions and transitions can be used 

represent events. The presence of a token in a place can be interpreted as the truth of 

that particular condition.  

The state of a Petri Net is defined according to the following transition (firing) rule:  
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 If each input place for a transition has at least one token, then the transition 

gets enabled (if the weight of each input arc is equal to w, then each input 

place should have at least w tokens for the transition to get enabled). 

 Depending on whether the event takes place or not, a given enabled 

transition may or may not get fired. 

 If an enabled transition gets fired, then, w tokens are removed from each 

input place, and w tokens are added to each output place of the transition, 

where w is the weight of each corresponding input/output arc. 

A transition without an input place is called a source transition. A transition without 

any output place is called the sink transition.  Thus, a source transition is 

unconditionally enabled, and a sink transition consumes tokens (but does not produce 

any). 

A place p and a transition t is said to be in a self loop if p is both an input and output 

place to t. The analysis of Petri nets having self loops is somewhat difficult than the 

ones which do not have self loops. A net without self-loops is called a pure Petri net. A 

net with all arc-weights equal to 1 is called an ordinary Petri net. 

If a Petri net can accommodate infinite number of tokens in the net places, it is called 

an infinite capacity net and if there is an upper limit for the number of tokens in each 

place, it is called a finite capacity net. In finite capacity nets, after the enabling and 

firing of a transition, the number of tokens at an output place cannot exceed the upper 

limit fixed. This is known as the strict transition rule. 

3.4. Petri Nets for Software Development Processes  

As an example of using Petri nets in supporting a software development process, we 

will present a software project selection problem. A project decision-making problem 

can be described under deterministic conditions via a network diagram, a flowchart, an 

information/control flow diagram, or other graphical methods. Petri nets provide 
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means to describe each one of the above mentioned decision-making perspectives. 

Furthermore, a Petri net model can be used to effectively describe assignment, 

scheduling, locational and replacement operations. A Petri net model can also describe 

a time-table problem, that is to assign members of staff to activities, define scheduling 

times, locate work places, allocate equipment and other non human resources [10]. 

The next figure presents a Petri net model of a project selection process. 

Figure 14. Petri model for project selection 

 

In particular, the model can be used to represent project selection and allocation of 

appropriate resources to the various projects. Let us consider a project management 

situation in which Pt,..,PN are the various projects under consideration and E1,..,En are 

the various experts in a software organization (both projects and experts are 

represented by places). Figure 14 depicts a high-level representation of this scenario 

and Figure 15 is a Petri Net model of a specific instance of this scenario. Places P1 and 

P2 are two projects under consideration and places E1, E2, and E3 represent three 

experts (staff members) in the software organization. 
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Figure 15 Petri Net example for the project allocation process 

 

In this specific net model, the following firing rules can be applied: (1) if all experts (E1, 

E2, and E3) are available, then t2 can fire; (2) if both expert E1 and expert E2 is available, 

then t1 can fire; (3) if only expert E3 is available, then only t3 fire. In Figure 15 

transitions (t1,...,tk) are used  to determine the availability of the various experts. For 

example, the firing of t1 implies that experts E1 and E2 are available; the firing of t2 

implies that experts El, E2, and E3 are available; the firing of t3 implies that expert E3 is 

available.  

Places A1,..., Ak indicate the status of each expert. A token in place A1 implies that 

experts E1 and E2 are ready to be involved in a project; a token in place A2 implies that 

experts E1, E2, and E3 are ready to be involved in a project; a token in place A3 implies 

that expert E3 is ready to be involved in a project. The transitions tk+1,.., tk+N represent 

the commencement of project work. For example, the firing of transition tk+1 indicates 

the commencement of project P1 (since place A2 has a token that implies that experts 
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E1 and E2 are ready to start work and place P1 has a token that implies that project P1 is 

ready to be started.  

Places B1,...,B4 indicate the status of each different project. A token in place B1 implies 

that project P1 is being executed by experts E1 and E2; a token in place B2 implies that 

project P2 is being executed by experts E1, E2 and E3; a token in place B3 implies that 

project P3 is being executed by experts E1, E2 and E3; a token place B4 implies that 

project P2 is being executed by expert E3. 

Finally, transitions tk+a+1,...,tk+a+b indicate the completion of project work. The firing of 

transition tk+a+1 implies the completion of project P1; the firing of tk+a+2 implies the 

completion of projects P1 and P2; the firing of tk+a+3 implies the completion of project 

P2; the firing of tk+α+4 implies the completion of project P2. As projects are completed, 

resources (i.e. experts) become free for new projects. This is indicated by directed arcs 

from transitions tk+a+l,…,tk+a+b back to places E1, E2, and E3.  

More interested readers may refer to available related literature to see other 

examples of the use of Petri nets in modeling/analyzing software development 

problems. For example, Petri nets have been used for scheduling parallel tasks during 

software application development [13]. In addition, high-level models, such as Colored 

Petri nets, have been used in combination with UML for modeling the development of 

software systems [14].  

4. Social Networks  

A social network is a social structure that is composed of a set of social actors (such as 

individuals or organizations) and a complex set of the dyadic ties between these 

actors. The social network perspective provides a visual way of analyzing the structure 

of social entities [48]. The study of these structures uses techniques from the Social 

Network Analysis (SNA) domain to identify local and global patterns, locate influential 

entities, and examine network dynamics. 
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4.1 Social Network Analysis 

Social network Analysis (SNA) is a framework of mathematical analysis methods 

devoted to analyze the structure and the behavior of social networks. SNA supports 

the mapping and the measurement of relationships and flows between people, groups, 

organizations, computers, URLs, and other connected information/knowledge entities. 

The nodes in a social network are the information entities while the links show 

relationships or flows between the nodes. SNA provides visual and mathematical tools 

to examine and analyze these entity relationships.  

To understand a social network and its participants, the location of actors in the 

network is required to be evaluated. Measuring the network location is often 

performed by finding the centrality of each node. Centrality measures give insight into 

the various roles and groupings in a network, that is who/what are the connectors, 

mavens, leaders, bridges, isolates, where are the clusters in the network and 

who/what belongs to each network cluster, which nodes are is located in the core of 

the network, and which nodes lie on the network periphery. Table 3 presents the basic 

important steps to apply a SNA approach. 

Table 3 SNA application steps 

Step 1: Identifying the Network 

The first step in an SNA study is to identify the members of the network [48]. This 

may be generally difficult if individuals are frequently moving in or out of the 

network [79].  

Step 2: Collecting Social Interaction Data 

SNA can examine several types of interactions among individuals, such as 

transactions, communication, authority and power, kinship and descent. A way of 

collecting the required data is by applying the Tailored Design Method [49]. In brief, 



27 

this method suggests the design and dissemination of appropriate questionnaires 

which have the following characteristics: they are interesting, they prevent 

respondents from making errors, they reward respondents and they are not tedious 

to be completed. Each participant in the questionnaire can be asked, for example, 

how frequently he or she participated in an activity (e.g., in a project or task). This 

information can be used to create a series of data matrices that indicate whether 

collaborative relationships exist between participants. Figure 16 presents an 

example of such collaboration between participants A, B, C, D, E 

Figure 16. Example of an SNA matrix 

 

 

Step 3. Analyzing collected data 

Coded responses in an SNA matrix are then imported into a social network software 

tool. Several software programs of this type are available to conduct a wide array of 

statistical analyses for network characteristics as well as to facilitate the creation of 

graphical representations of a social network, called "sociograms" (Figure 2). One of 

these tools is UCINET [50].  UCINET is a popular software program for SNA 

application. Data imported into UCINET can be examined visually through 

sociograms and statistically through a variety of metrics. Sociograms are graphical 

representations of social interactions and conceptualize individuals or organizations 

as points, called "nodes" and their relationships as lines between the nodes, which 
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are called "ties." Two individuals connected with a relationship receive a tie 

between them in the sociogram, whereas two nodes without a tie indicate that a 

relationship does not exist. Nodes can be symbolized by color, size, and shape, 

according to individual level characteristics. Similarly, ties can be annotated with 

characteristics of the corresponding relationship, such as frequency of 

communication or strength of the relationship. 

Figure 17. Sociogram of the previous matrix 

 

 

Step 4: Result interpretation 

Various SNA metrics are available for analyzing groups and individuals within 

groups. Common measures used in SNA are relevant with natural resource issues 

[51]. These measures are: the degree to which an individual controls information or 

resources within the network (i.e., "betweenness"), the power of a person in a 

social network (i.e., "centrality"), and the number of intermediary contacts between 

any two individuals (i.e., "reachability"). Longitudinal studies that examine how 

these statistics change over time can be particularly valuable to understanding how 

to foster more effective collaborations and, in particular, in case of collaborative, 

globally distributed software development projects. 
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4.2 Social Network Analysis Metrics  

As mentioned before, various SNA metrics are available for analyzing groups, 

individuals within groups and their relationships. The most representative of these 

metrics are presented in this section by utilizing the example social network of Figure 

18, which depicts collaboration between members of a hypothetical company. 

Figure 18. Sample Social Network 

 

 

As mentioned before, various SNA metrics are available for analyzing groups, 

individuals within groups and their relationships. The most representative of these 

metrics are presented in this section by utilizing the example social network of Figure 

18, which depicts collaboration between members of a hypothetical company. 

Figure 18Degree centrality 

Social network researchers measure network activity for a node by using the 

concept of a node’s degree, that is the number of direct connections of a node. 
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In the network above, Diane has the largest number of direct connections in the 

network, and this Diane is the most active node. She is a 'connector' or 'hub' in 

this network. Common wisdom in personal networks is: "the more connections, 

the better". This is not always so. What really matters is where those 

connections lead to and how they connect the otherwise unconnected nodes. 

Here Diane has connections only to other nodes in her immediate cluster, the 

Diane’s clique. She connects only those nodes who are already connected to 

each other. The degree centrality metric Gd(i), where d(i) is the number of 

connections of a node i, is defined as follows: 

 

Betweenness Centrality 

While Diane has many direct ties, Heather has few direct connections, fewer than 

the average number of direct connections in the network. Yet, in many ways, she 

has one of the best locations in the network -- she is between two important 

constituencies, since she plays a 'broker' role in the network. The good news is that 

she plays a powerful role in the network, the bad news is that she is a single point of 

failure. Without her, Ike and Jane would be cut off from information and knowledge 

in Diane's cluster. A node with high betweenness has great influence over what 

flows -- and over what does not flow-- in the network. Heather may control the 

outcomes in a network. Location has an important role. Formally, betweenness 

centrality Gb(i) represents the importance of user i with regard to the flow of 

information in a social network. If the user i is between two non-adjacent users j 

and k then user i has control over their interactions. If i is positioned on the paths of 

many such interactions (i.e. between many users), then i is an important user, 

having a great amount of impudence on what happens in the network. Let spjk be 

the number of shortest paths between user j and user k, and spjk(i), (j≠ i and k ≠ i) be 

the number of shortest paths that pass through i. Betweenness centrality of a user i 

is defined as follows: 
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Closeness Centrality 

Fernando and Garth have fewer connections than Diane, yet the pattern of their 

direct and indirect ties allow them to access all the nodes in the network more 

quickly than anyone else. They have the shortest paths to all others -- they are close 

to everyone else. They are in an excellent position to monitor the information flow 

in the network and they have the best visibility into what is happening in the 

network. Closeness centrality Gc(i) of a user i represents how easily this user 

interacts with all other users j (j є [1::n]). Let d(i; j) denote the distance of user i 

from user j, equal to the number of links in a shortest path. Then, according to 

closeness centrality, the shorter the distance of the user to all other actors, the 

more central the user is: 

 

Network Centralization 

Individual network centralities provide insight into each individual's location in the 

network. The relationship between the centralities of all nodes can reveal much 

about the overall network structure. A very centralized network is dominated by 

one or a few very central nodes (users). If these nodes/users are removed or 

damaged, the network quickly fragments into unconnected sub-networks. A highly 

central node (i.e., a hub node) can become a single point of failure. A network 

centralized around a well connected hub can fail abruptly if that hub is disabled or 

removed. Hubs are nodes with high degree and betweeness centrality. 

A less centralized network has no single points of failure. It is resilient in the face of 

many intentional attacks or random failures, as many nodes or links can fail while 
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allowing the remaining nodes to still reach each other over other network paths. 

Networks of low centralization fail gracefully. 

Network Reach 

Not all network paths are treated in an equal way. Research shows that the shorter 

paths in the network are more important. Networks may have horizons over which 

we cannot see (over which there is no influence). The key paths in networks consist 

of one or two steps and, on rare occasions, three steps. The "small world" in which 

we live is not one of "six degrees of separation" but of direct and indirect 

connections. Therefore, it is important to know who is in your network 

neighborhood and which neighbors you can reach in a few steps. 

Network Integration 

Network metrics are often measured using shortest paths. They make the 

assumption that all information/influence flows along the network's shortest paths 

only. But networks operate via direct and indirect, shortest and near-shortest paths. 

We often “hear” interesting things from various sources in a network. Different 

interpretations arrive via different paths. Therefore, it is important for a node to be 

positioned on many efficient paths in a network that reach out to various parts of 

the extended network. Those nodes which are well integrated in the network of 

paths can receive both local and distant information, along with the flavors of it. 

Boundary Spanners 

Nodes that connect their group to others usually end up with high network metrics. 

Boundary spanners such as Fernando, Garth, and Heather, in the example social 

network of Figure 18, are more central in the overall network than their immediate 

neighbors whose connections are only local, within their immediate cluster. You can 

be a boundary spanner via your bridging connections to other clusters or via your 

concurrent membership in overlapping groups. Boundary spanners are well-

positioned to be innovators, since they have access to ideas and information 
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flowing in other clusters. They are in a position to combine different ideas and 

knowledge, found in various places, into new products and services. 

Peripheral Players 

Most people would view the nodes on the periphery of a network as not being very 

important. In fact, Ike and Jane in the example net receive very low centrality scores 

for this network. Since individuals' networks overlap, peripheral nodes are 

connected to networks that are not currently mapped. Ike and Jane may be 

contractors or vendors that have their own network outside of the company, a 

characteristic which makes them important resources for “fresh” information, not 

available inside the company. 

4.3 Social Network Analysis and Software Process Improvement  

Social Network Analysis has been applied a few times in the scope of software process 

improvement by focusing on the collaboration of teams and the coordination between 

distributed development teams, that is particularly the case in OSS (Open Source 

Software) development projects. 

For example, in [46] the researchers explore the performance of 

coordination/collaboration of geographically distributed software development teams 

by exploring the OSS (Open Source Software) development dataset that is available 

through SourceForge.com. OSS team structures have traditionally been geographically 

dispersed and, therefore, the coordination of post release activities, such as testing 

efforts, is usually carried out by means of communication via electronic forms (e-mail, 

message boards and forums). In [46], a communication-enriched environment is 

examined that utilizes these means for coordination in OSS projects. However, the 

researchers have observed that some coordination activities still fail to achieve their 

target performance. The study in [46] explores whether the team structure has any 

impact on the performance outcome of the project and whether the communication 

between teams and their external parties affect the ultimate success or failure of the 
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project. The researchers applied SNA methods for exploring the coordination 

performance of defect management activities applied in OSS projects. The outcomes 

of this research are very promising since they suggest that there exists a correlation 

between certain network measures (such as network density, centrality and 

betweenness) and coordination performance measures of a defect management 

process, such as the software quality and timeliness. 

The authors of the reference [47] also adopted social networks and SNA to investigate 

the impact of network ties on the success of OSS development. Through examining the 

development of OSS projects hosted by SourceForge, they have found that co-

membership among project teams is an effective mechanism for building network ties, 

through which knowledge and expertise flows across projects in the OSS community 

and, therefore, contributing to the success of OSS development. However, network 

ties among projects not only offer benefits, but also incur various costs, and due to the 

different growth patterns of cost and benefit, network ties have a diminishing return 

to project success. In addition, the researchers in [47] report that network ties of 

leader–follower type and follower–leader type are more beneficial to OSS success than 

other types of ties, as well as that network ties connecting to projects of later 

development stages are more beneficial than those connecting to projects of earlier 

stages.  

5. Quality Assessment Techniques  

In literature there are many software quality standards and models that define the 

term of software quality ([51], [52], [53], [54], [55], [56]). According to Kitchenham and 

Pfleeger [51], there are five different perspectives on software quality:  

1) The “transcendental perspective” that deals with the metaphysical aspect of quality. 

From this perspective, software quality is something toward which we strive as an 

ideal value, but it is not possible to be achieved at the highest level.  
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2) The “user perspective” is concerned with the appropriateness of the product for a 

given context of use. Whereas the transcendental view is ethereal, the user view is 

more concrete, since this view is grounded in the software product characteristics that 

meet user’s needs.  

3) The “manufacturing perspective” represents quality as conformance to 

requirements. This aspect of quality is stressed by standards such as ISO/IEC 9001, 

which defines quality as "the degree to which a set of inherent product characteristics 

fulfills user requirements" [57]. 

4) The “product perspective” implies that quality can be achieved by measuring the 

inherent characteristics of the product. 

5) The “final perspective” of quality that is value-based. This perspective implies that 

the different perspectives of quality may have different importance or value, to various 

stakeholders. 

Software quality assessment is a field that is constantly coming to a greater focus, as 

the global drive for systemic quality assurance continues to gather momentum. 

Software quality assessment emphasizes on quantifying to what extent a software 

system (or a software possess) exhibits desirable characteristics. This can be 

performed through qualitative or quantitative means or a mix of both types of means. 

In both cases, for each desirable characteristic, there is a set of measurable attributes, 

the existence of which in software system tend to be correlated and associated with 

this characteristic. Figure 19 presents the relationships between desirable software 

characteristics and measurable attributes. 
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Figure 19. Relationship between software desirable characteristics (right) & 

measurable attributes (left) 

(http://en.wikipedia.org/wiki/Software_quality#cite_note-ISO9001-6). 

 

For example, a specific attribute that can be associated with the maintainability 

characteristic is the level of documentation in a software project. The level of 

documentation can be measured, for example, by the lines of comments in the source 

code, the number of technical reports, etc.  

By applying a Quality Function Deployment approach, these measurable attributes are 

the "how’s" that need to be enforced to enable the "what’s" in the Software Quality 

definition presented before. In the following section, we will focus on methods which 

identify desirable quality attributes of a software system/process and transform 

http://en.wikipedia.org/wiki/Software_quality#cite_note-ISO9001-6
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quality requirements into visible aspects of the produced software. 

5.1. Quality Function Deployment – QFD methodology 

Quality function deployment (QFD) as described by Dr. Yoji Akao [51] is a “method to 

transform user demands into design quality, to deploy the functions forming quality, 

and to deploy methods for achieving the design quality into subsystems and 

component parts, and ultimately to specific elements of the manufacturing process”. 

A QFD process can be applied to help planners to focus on the characteristics of a new 

or existing product or service from the viewpoints of market segments, company, or 

technology-development needs [58]. QFD suggests the use of certain charts and 

matrices. QFD helps to transform customer needs into engineering characteristics, 

identify appropriate test methods for a product or service, prioritize each product or 

service characteristic as well as decide appropriate development targets for a 

product/service. 

Table 4 presents the basic steps to apply a Quality Function Deployment methodology. 

Table 4. Quality Function Deployment methodology 

1. Identify both internal and external customers/ stakeholders. 

2. Define a list of customer requirements/desires (What’s) 

3. Ask the customer questions such as “What are the important features of the 

Product?” 

4. Capture the customer’s own words (the “Voice of the Customer” VOC) 

5. Categorizing the What’s into groups/buckets, if needed. 

6. Prioritize the above collected What’s on a scale from 1 up to 5, with 5 is used to 

indicate the most important requirement. This ranking is based on the VOC 

(Voice of Customer) data. The Critical to Customer, CCRs (What’s) are listed 

vertically in the first column of a matrix, that is called the House of Quality-
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HoQ, and all related CTQs, Critical to Quality (How’s) are listed horizontally 

across the top of the HoQ matrix. In the second column of the HoQ matrix, 

assign 1 to 5 based on the importance of the CCRs, where 5 is used to represent 

the most critical CCR with respect to the customer’s needs. An example of a 

HoQ is presented in Figure 20.  

7. Score each CTQ (How’s) on how strongly it correlates to each CCR (absolution 

values for each correlation are specified). A CTQ can be correlated to a CCR 

either strongly or weakly. Use 5 to define a strong correlation and 1 to define a 

weak one. Leave it blank if there is no correlation. Some CCRs will have few 

CTQs that are correlated and rest unrelated.  

8. Compile the list of CTQs (How’s) that is necessary to achieve the CCRs (What’s.) 

9. Translate the CCRs from VOC (What’s) into CTQs (How’s) 

10. Arrows can be used to show the direction for improvement (up for increasing, 

down for decreasing, etc.) 

11. For each What, identify the correlation with each How. If the correlation is 

strong use 5. If it is weak use 1. If it lies in the between, use a number 2, 3, 4 

based on how strong the correlation is. 

12. Next multiply the importance rating for the CCR by the correlation score for 

each CTQ. 

13. Add up the scores vertically for each CTQ and place these final values in the 

bottom score row. 

14. Once the score is computed for all CTQs, the ones with the highest scores 

correspond to the highest priority (the so called Six Sigma) project objectives to 

work on and plan to realize in the project. 
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Figure 20. A House of Quality for correlating user requirements with design 

requirements 

 

The steps of the QFD approach can be applied in software development processes. For 
example, QFD can be applied to prioritize software functionalities according to end 
user requirements, select the right components off the shelf (COTS) which satisfy the 
software requirements as well as to identify and plan the actions to be followed in a 
software process improvement project. In Figure 21, an example of HoQ is presented 
that shows the use of QFD to prioritize design requirements in the context of a 
usability testing process  [71]. 
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Figure 21. QFD applied in a usability testing process 

 

5.2. Goal-Question-Metrics technique 

The Goal/Question/Metric (GQM) [66] is a method that supports a software 
organization to focus a measurement program on its goals. GQM states that an 
organization should have specific goals in mind before data are collected. There are no 
specified goals but rather a structure for defining goals and refining them into a set of 
quantifiable questions that imply a specific set of metrics and data to be collected in 
order to achieve these goals. 
 
The GQM method (or paradigm) follows a top-down procedure that consists of three 
steps Figure 22): 
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 Step1: Specify a set of goals. In this first step, the method is used to 

determine what the organization wants to improve or learn. The process of 

goals definition is supported by appropriate templates, such as the ones 

suggested by Basili and Rombach [68]. By using templates, it is possible to 

define the goals in terms of purpose, perspective, and environment. The 

identification of sub goals, entities, and attributes related to the sub goals is 

also performed in this step. 

 Step2: Generate a set of quantifiable guest ions. Business goals are 

translated into operational statements with a measurement focus. Basili and 

Rombach [68] suggest a set of guidelines to classify questions as product-

related or process-related questions. The same questions can be defined to 

support the data interpretation of multiple goals. 

 Step3: Define a set of quantifiable metrics to answer the previously 

specified questions. In this third step, suitable metrics to give right 

information to answer the questions are identified and related to each 

question. Generally, each metric can supply information to answer several 

questions, and sometimes a combination of metrics is required to derive the 

answer to a question.  

 

Once these steps are identified, data are collected and interpreted to produce an 

answer to each quantifiable defined questions and, finally, to satisfy the goals of the 

software organization ([68], [69], [66]). 
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Figure 22. The GQM Approach 

 

 

GQM can be applied to all software life-cycle products, processes, and resources, and 

is well aligned with the organizational environment of a software development 

company. GQM was first developed by Dr. Victor Basili and his colleagues during the 

1980s [66], in conjunction with their work at the NASA Software Engineering 

Laboratory (SEL). Their work was refined during the 1990s, and now, serves as the 

foundation for many measurement initiatives in software development organizations. 

It offers means to achieve reliable empirical data and knowledge about the 

organization’s software practices in order to drive systematic process improvement. In 

that context, it is particularly useful for the following purposes:  

 

 To understand and baseline an organization’s software practices, 

 To guide and monitor software processes, 

 To evaluate new software engineering technologies, 

 To assess and certify candidate process improvement activities. 
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Although the primary focus of practice in GQM is goal-driven metrics definition, the 

approach also addresses data collection, analysis and interpretation and packaging 

experiences for use in future improvement initiatives. These activities are equally as 

important as the definition of suitable the metrics because they guide how 

measurement data is actually gathered and used. Some effective practices to 

implement systematically the GQM method are the following: 

 

 Get the right people(all levels of stakeholders) involved in the GQM process,  

 Set explicit measurement goals and state them explicitly, 

 Thoroughly plan the measurement program and document it’s action (provide 

explicit and operational measurement definitions), 

 Do not create false measurement goals, 

 Acquire implicit quality models from the team members, 

 Consider the context of the organization, 

 Derive appropriate metrics, 

 Stay focused on goals when analyzing data, 

 Let the data be interpreted by the people involved, 

 Integrate the measurement activities with regular project activities, 

 Do not use measurements for not relevant purposes, 

 Try to achieve management commitment to support measurement results, 

 Establish an infrastructure to support the measurement program, 

 Ensure that measurement is viewed as a tool, not as the end goal, 

 Get adequate training in GQM before going forward.  

5.3. GQM in the Requirements Management Process 

In this section we will present an example of the application of GQM in a requirements 

management process [70]. The first step in the GQM paradigm is to identify the 

measurable goals for the Requirements Management Key Process Area (KPA) of the 

Software Engineering Institute’s (SEI) Capability Maturity Model – CMM [67].  
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The first goal of the Requirements Management KPA according to  CMM [67] is stated 

as follows: “System requirements are controlled to establish a baseline for software 

engineering management and use”. Thus, the first goal focuses on the control of the 

requirements to set up a baseline. If the requirements are not controlled, there will be 

no clear picture of the final product, because the final product should be based on the 

system requirements. 

 

The second goal of the Requirements Management KPA states that: “Software plans, 

products and activities are kept consistent with the system requirements allocated to 

software”. Thus, the main focus of this goal is on the consistency between the 

requirements and any software product developed to satisfy these requirements. This 

consistency has to be demonstrated by the design of the software product 

functionalities that are required by the customers. Consequently, the second step and 

the third step in the GQM paradigm can be followed to define a set of quantifiable 

questions along with quantifiable metrics to measure the satisfaction of these goals. 

Table 5 and  
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Table 6 present the set of questions and metrics produced to serve the two 

aforementioned goals. 
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Table 5. Questions and metrics for the first goal of the Requirements 

Management Key Process Area of CMM 
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Table 6. Questions and metrics for the second goal of the Requirements 

Management Key Process Area of CMM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6 Probabilistic Techniques (Machine Learning 
Methods) 

This section presents a review on analysis methods and techniques which utilize 

probabilities for the estimation of several software development tasks. These methods 

belong to the general class of machine learning methods. Machine learning methods 

are used to define models of systems capable of acquiring and integrating knowledge 

automatically. The capability of the systems to learn from experience, training, 

analytical observation, and other means, results in a system that can continuously self-

improve and thereby exhibit efficiency and effectiveness. 

A machine learning system usually starts with some knowledge and a corresponding 

knowledge organization so that it can interpret, analyze, and test the knowledge 
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acquired [31]. Machine learning models have been applied in various software 

development process areas such as defect prediction, development cost estimation 

and process modeling [30], [28], [29], [32].  

Figure 23 presents a typical learning system model. It consists of the following five 

components which are briefly discussed in the following: 

1. Learning element 

2. Knowledge base 

3. Performance element 

4. Feedback element 

5. Standard system 

 

Figure 23. Machine learning system 

 

 Learning element 

The learning element receives and processes input obtained from a person (e.g., an 

analyst), from reference material like reports, source code, etc. or from the 

environment. 

 

 Knowledge base 

The knowledge base component is somewhat similar to a database component. 

Initially it may contain some basic knowledge. Thereafter it receives more knowledge 

which may be new and so be added as it is or it may replace the existing knowledge. 
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 Performance element 

The performance element of the system uses the updated knowledge base to perform 

some tasks or solves some problems and produces the corresponding output. 

 

 Feedback element 

The feedback element receives two inputs, one from learning element and one from 

standard (or the idealized) system. This is to identify the differences between the two 

inputs. The feedback is used to determine what should be done in order to produce 

the correct output. 

 

 Standard system 

It is a trained person or a computer program that is able to produce the correct 

output. In order to check whether the machine learning system has learned well, the 

same input is given to the standard system. The outputs of the standard system and 

that of the performance element are given as inputs to the feedback element for the 

comparison. The standard system is also called as the idealized system. 

 

The sequence of operations performed by the above components/elements may be 

repeated until the system achieves the desired perfection. There are several factors 

affecting the system performance. Some of these are: 

 

 the types of training provided 

 the form and extent of any initial background knowledge 

 the type of feedback provided 

 the learning algorithms used. 

 

Training is the process of making the system capable to learn. It may consist of 

randomly selected examples that include a variety of facts and details including 

irrelevant data. The learning techniques can be characterized as a search through a 

space of possible hypotheses or solutions. Background knowledge can be used to make 

learning more efficient by reducing the search space. The feedback may be a simple 
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yes or no type of evaluation or it may contain useful information describing why a 

particular action was appropriate or not. If the feedback is always reliable and carries 

useful information, the learning process will be faster and the resultant knowledge will 

be correct.  

 

The success of a machine learning system also depends on the algorithms used. The 

algorithms are usually called data mining algorithms. These algorithms control the 

search to find and build right knowledge structures. Data mining algorithms are 

applied to extract useful information from training examples. There are several 

machine learning techniques available in the literature which can be broadly classified 

into two categories:  

 

a) Explanatory models that are used to test hypotheses that specify how and 

why certain empirical phenomena occur. 

 

b) Predictive models that aim to predict the future or obtain new observations 

with high level of accuracy. 

 

Table 7 presents the basic steps that are often followed to extract a machine learning 

model. 

 

Table 7 .Machine learning model extraction 

1. Define the problem. The prerequisite for knowledge discovery is to understand the 

data and the organization business. Without this understanding, no algorithm, 

regardless of sophistication, is going to provide a result in which you should have 

confidence. Without this background, you will not be able to identify the problems 

you’re trying to solve, prepare the data for mining, or correctly interpret the results. 

 

2. Build a data mining database. This step, along with the next two steps, is the core 

action for data preparation. The step applies data collection, data description, data 

selection and quality assessment and, finally, data integration. 
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3. Explore the data. Exploring the data includes data visualization, link analysis and 

other statistical methods that describe the data. The goal of this step is to identify the 

most important information for predicting an outcome, and determine which derived 

values may be useful. A good interface and a fast computer response are very useful in 

this step. 

 

4. Prepare data for modeling. This is the final data preparation step before building 

the machine learning model. There are four main sub-steps in this step: 

a. Select variables 

b. Select rows 

c. Construct new variables 

d. Transform variables 

 

5. Data mining model building. The most important characteristic of model building is 

that it is an iterative process. You will need to explore alternative models to find the 

one that is most useful in solving your business problem. What you learn in searching 

for a good model may lead you to go back and make some changes to the data you are 

using or even modify your problem statement. 

 

6. Evaluation and interpretation. After building a model, you must evaluate its results 

and interpret their significance. Remember that the accuracy rate found during testing 

applies only to the data on which the model was built. In practice, the accuracy may 

vary if the data to which the model is applied differs from the original data. More 

importantly, accuracy by itself is not necessarily the right metric for selecting the best 

model. You need to know more about the type of errors and the costs associated with 

them. 

In the following section, three machine learning techniques will be briefly presented: 

1) Bayesian Belief Networks, 2) Classification Trees and 3) Rule Induction. Examples of 

their application in software engineering process problems will be presented.  
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6.1. Bayesian networks 

Bayesian Networks are Directed Acyclic Graphs (DAGs), which are causal networks that 

consist of a set of nodes and a set of directed links between them, in a way that they 

do not form a cycle [1]. Each node represents a random variable that can take discrete 

or continuous finite, mutually exclusive values according to a probability distribution, 

which can be different for each node. Each link expresses probabilistic cause-effect 

relations among the linked variables and is depicted by an arc starting from the 

influencing variable (parent node) and terminating on the influenced variable (child 

node).  

 

Probabilities conform to three basic axioms: 

 p(A), the probability of an event (outcome/consequence…), A, is a number 

between 0 and 1; 

 p(A)=0 means A is impossible, p(A)=1 means A is certain; 

 p(A or B) = p(A) + p(B) provided A and B are disjoint. 

 

The presence of links in the graph may represent the existence of direct dependency 

relationships between the linked variables (that sometimes may be interpreted as 

causal influence or temporal precedence). The absence of some links means the 

existence of certain conditional independency relationships between the variables.  

The strength of the dependencies is measured by means of numerical parameters such 

as conditional probabilities. Formally, the relation between the two nodes is based on 

Bayes’ Rule: 

 

. (1) 

 

For each node A with parents B1, B2,…, Bn an NxM Node Probability Table (NPT) is 

attached, where N is the number of node states and M is the product of its cause-
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nodes states. In this table, each column represents a conditional probability 

distribution and its values sum up to 1. 

 

A simple hypothetical BBN estimating software effort is the one presented in Figure 

24. Attached to the node of effort there is a node probability table (Table 8) that 

provides possible effort values according to the development platform and the 

language in which the project is developed. In particular the NPT provide us the 

following information: 

 

A project developed in Operating System A and Java language presents 70% possibility 

to belong to the low effort interval and 30% possibility to belong to the high interval.  

A project developed in Operating System A and C language presents 40% possibility to 

belong to the low effort interval and 60% possibility to belong to the high interval. The 

effort of a project developed in Operating System B and Java language is 20% probable 

to be in the low interval and 80% to be in the high interval. A project developed in 

Operating System B and C language presents the same possibility (50%) of requiring 

low or high effort values. 

 

Figure 24. A BN for software effort estimation 

 

 

Table 8. NPT example for Figure 24 

Development Platform Operating System A Operating System B 

Programming Language Java  C Java C 

Low 0.7 0.4 0.2 0.5 

High 0.3 0.6 0.8 0.5 
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In conclusion a Bayes Network consists of the following elements: 

1. A set of variables and a set of arcs between them 

2. Each variable has a predefined set of mutually exclusive values that it can take. 

3. Variables along with arcs form a directed acyclic graph 

4. In each variable  Α with parents B1,….,Bn, there is attached a conditional 

probability table P(A │B1,…..,Bn) 

6.2. Bayesian networks and Software Process Improvement 

Bayesian Networks have been used to support several areas of software engineering 

process. An application of them was in the area of software management decision 

supporting. BN in [6] have been proposed as a decision support tool that allows a 

software manager to use the available resources, methods and techniques to achieve a 

particular level of quality. Also BNs have been used along with CPM in [2] and as  risk 

management tools [5]. Bayes Networks have proved to be very effective in software 

process modeling for predicting the effort required for each development phase [4]. 

Additional they supported the planning, the control and the design of the whole 

development process [4]. BNs have also been suggested for software cost estimation 

complementary to expert judgment [7], [23]. 

In this section, we will present a usage example of BNs in the area of software project 

management with the use of management anti-patterns [8]. BNs can be used to model 

emprical data combined with expert judgement. The antipattern modelled eeferred to 

the heteregeneous distribution of programmers based on the personality in pair-

programming dicipline of agile methods. It is found in literature that pair programming 

couples with mixed personalities are more effective in communication cooperation 

and effectiveness. The aforementioned anti pattern was modelled with the use of BNs.  

The contribution of BNs in that problem is that they can offer a mechanism to control 

the results of the application of an antipattern based on previous recorded knowledge 
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and the knowledge of a project manager 

For the purposes of the antipattern BN model, the empirical data of a controlled 

experiment [59] has been used in order to specify prior belief values for network 

variables. Bayesian belief values could have been elicited from a domain expert, who 

would subjectively assess them. However, this approach was not used as there was 

sufficient empirical data for our study. The participants in those experiments were 

eighty four undergraduate students from the Department of Informatics at the 

Aristotle University of Thessaloniki, Greece which follow Software Engineering course 

at 4th semester of the department’s programme of studies. Thsese students were 

separated randomly into two groups of pairs according to their personality [59] and 

temperament inventories. The Keirsey Temperament Sorter test was used to identify 

and interpret students’ temperaments in the data set that was used in the antipattern 

BN model. The objective in both experiments was to design, code and test in Java two 

tasks of a well known object-oriented application.  

The data from the two experiments were grouped in one single data set containing the 

eight identified fields (variables) required for our model. The process that was followed 

then involves: a) pre-processesing of the training data by specifying which fields need 

to be discretized b) construction of the Bayesian Network using the Belief Network 

Powersoft BN PowerConstructor software tool c) Bayesian update in order to explore 

the effect of the antipattern on resolving uncertainty.  

Data pre-processing involved discretization of continuous fields into a finite number of 

intervals using the default equal width binning method of the Belief Network 

Powersoft Data Preprocessor software tool. The discretized fields where selected to be 

included in the BN. The Belief Network Powersoft BN PowerConstructor tool was then 

used in order to provide our domain knowledge and construct the Bayesian Network. 

The discretized fields where selected to be included in the BN. Domain knowledge was 

provided on root and leaf fields. Root fields are fields that do not have any parent and 

leaf fields are fields that do not have any child. The default threshold was used in order 

to detect only strong relations between variables. Domain knowledge was also 
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provided on the partial ordering of fields in order to indicate that a field is an indirect 

cause of another field. This procedure speeded up the construction process and 

improved the results compared with a model that contained no domain knowledge. By 

updating the belief values every time evidence was set, the model was tested to verify 

its correctness. This technique allowed us to set evidence (Set Evidence =Yes) in the 

Mixed Personality and Mixed Temperament variables in order to illustrate the impact 

of uncertainty on an XP antipattern (Figure 26).  

Figure 25. Initial BN without the application of the antipattern 
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Figure 26. BN with the application of the antipattern 

 

The resulting BN model contains 8 variables and 8 connecting links including 3 

diverging connections, 2 serial connections and a converging connection (Figure 25). 

The Bayesian network model was then validated in order to ensure that the 3 diverging 

connections of the mixed personality, mixed temperament and design correctness 

variables correspond with our perception of the proposed antipattern. As already 

mentioned, according to this d-separation property, setting evidence to one of those 

three parent variables blocks the communication of the corresponding children 

variables. For example, setting evidence to the design correctness variable, blocks the 

communication of the collaboration variable and the quality variable. As a result, 

setting evidence to the collaboration variable, does not affect the quality. 

Furthermore, the proposed BN model includes two serial connections between the 

variables {Personality type, Design Correctness, Collaboration} and {Mixed personality, 

Mixed temperament, Total Communication transactions). These variables are d-

separated by setting evidence to the variable in the connection (middle variable). As a 

result, setting evidence to the mixed temperament variable blocks the connection 

between the two other variables and setting evidence to one variable, does not 
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change the belief values of the other variable. Finally, there is a very interesting 

converging connection that links the variables {Personality type, mixed personality, 

mixed temperaments} with the variable {Design Correctness } as a child. This indicates 

that knowledge about the personality type of one developer does not provide any 

information on whether the pair has mixed temperament or personality. However, if 

we set evidence to the consequence, which is the design correctness variable, then the 

parent variables become d-connected and as such, can communicate.  

After ensuring that the model represents the antipattern “Shaken but not stirred” and 

that its properties reflect the results of the controlled experiment [8], it was attempted 

to illustrate the effects of the antipattern on resolving uncertainty. By comparing the 

raw data BN model that contains no set evidence (Figure 25) with the utilized 

antipattern BN model (Figure 26) ,which contains the update beliefs for the evidence 

set Mixed Personality = Yes and Mixed Temperament = Yes  very interesting 

observations were made on how the certainty of the BN variables was affected by the 

proposed antipattern. 

The certainty of shortening the longest development by using the proposed 

antipattern was improved significantly. The probability of developing the two tasks in 

the upper interval of more than 105 minutes has decreased by 9%, increasing the 

probability of achieving a lower development time in the medium range interval 

between 75 and 105 minutes by 8%. Furthermore, a significant increase of the 

certainty in achieving an increased number of total communication transactions was 

illustrated by using the proposed antipattern. The probability of increasing the medium 

range (39 – 66) and high range (>66) values of the total communication transactions in 

the two tasks has increased by 28%, while the probability of having a reduced number 

of total communication transactions (<39) has decreased by 28%. 

The proposed antipattern also had a strong effect on the certainty of improving design 

correctness, which can explain the effects of the antipattern on the collaboration and 

software quality. This was indicated by decreasing the probability of low range (<4.33) 

values by 12 % and increasing the medium range (4.33-6.66) and high range (>6.66) 



59 

values by 12%. These results also indicated the positive effect of the proposed 

antipattern on the certainty of improving collaboration. The probability of having of a 

low range (<2.33) value of collaboration has decreased by 4%. Additionally the 

probability of achieving a high range (2.33-3.66) value has increased by 5%. 

Furthermore, the probability of a medium range (2.33-3.66) value has decreased by 

1%, which is not a significant finding compared with the findings concerning the upper 

and lower range interval values. 

Finally, the probability of the Quality variable was the most interesting one to observe. 

The probability of having of a low range (<83.33) value on the two acceptance tests 

has decreased by 5%. The probability of a medium range (83.33-136.66) value has 

decreased by 3%, which is not a very significant finding. Most importantly, the 

probability of achieving a high range (>136.66) percentage on both acceptance tests 

has increased by 8%. These results clearly indicate the positive effect of the proposed 

antipattern on the certainty of achieving a higher percentage on both acceptance 

tests. This illustrates the statistical improvement of the software quality variable using 

the proposed antipattern. 

6.3. Association rules 

Association rules [26] are among the most popular representations of local pattern 

recognition. They belong to descriptive modeling and have as a target to describe the 

data and their underlying relationships with a set of rules that jointly define the target 

variables. Their target is to find frequent combinations of attribute values that lay in 

databases. An association rule is a simple probabilistic statement about the co-

occurrence of certain events in a database. 

Each rule consists of two parts. The left part is the Rule Body (antecedent) and is the 

necessary condition in order to validate the right part, the Rule Head (consequent). 

Each rule states that if the rule body is true then the rule head is also true with 

probability p. In the rule head, any Boolean expression can be used, but usually 

conjunction is preferred for simplicity purposes. 
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Given a set of observations over attributes A1, A2, … , An  in a data set D a simple 

association rule has the following form : 

If A1 is equal to X and A2 is equal to Y then there is probability that A3 is equal to  Z 

 

This rule is interpreted as following: when the attribute A1 has the value X and 

attribute A2 has the value Y then there is a probability p (confidence) that attribute A3 

has the value Z. For this rule, two major statistics are computed, confidence and 

support values. Confidence is the probability p defined as the percentage of the 

records containing X, Y and Z with regard to the overall number of records containing X 

and Y only. Support is a measure that expresses the frequency of the rule and is the 

ratio between the number of records that present X, Y and Z to the total number of 

records in the dataset.  

AR mining is a two stage process. The first stage involves the identification of all 

frequent set of attributes contained in the given data set. A set of attributes is 

frequent if its associated support exceeds a certain support threshold defined by the 

user. The second stage is generating all pertinent ARs from these item sets. An AR is 

pertinent if its associated confidence exceeds a certain confidence threshold specified 

by the user. 

For the estimation of the productivity interval of a project, the rules are sorted 

according to their confidence values. The first rule whose rule head criteria are 

satisfied by the attribute values of the project gives the productivity estimate. 

6.4. Association rules and Software Process Improvement 

Association Rules have been applied in software productivity estimation [24], [25] as 

an approach that can provide estimates accompanied with probabilities that reflect 
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the level of uncertainty in the estimate. Estimating the productivity required for a 

software development project is one of the crucial aspects of project planning and 

management. For a more realistic approach, it is necessary to consider both 

uncertainty and risk, weighing the chance of events occurring and the impact they 

might have.  

 

In the following example, we will present an application of AR to software defect 

prediction and prevention [33]. For the empirical validation of the method, a basis data 

set with known number of faults has to be selected. The data set comes from a 

component of a large railway operation interlocking system in C++. Its properties are 

measured using a set of 11 metrics. These metrics are then transformed to 

independent complexity aspects. The number of aspects used is restricted to five since 

they describe a sufficient amount of data (86%) though being few enough to give good 

examples. The aspect's interpretation is presented in Table 9: 

 

Table 9. Quality metrics for defect prediction 

KE1: Abstract size measuring count of Methods, foreign attributes, lines and nesting 

depth 

 

KE2: Inherited functionality measuring inheritance depth, inherited methods and 

parents 

 

KE3: Further inheritance measuring inheritance to and direct children 

 

KE4: Unused attributes measuring ancestor type attributes and foreign type attributes 

minus attribute usage count 

 

KE5: Data Storage measuring ancestor typed attributes and hidden attributes access 
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Usage of the Association Rules (AR) technique extracts a set of rules from the data set. 

For this set, some rules with sufficient support could only be generated for 

concatenated fault classes (1 – 4 faults). The AR technique involves the following steps: 

1. Discretization of the target variable into four possible fault values 

2. Creation of the prediction model 

3. Transformation of fault category number into a continuous number when needed 

taking the centre of gravity of the class (the median of the class). 

The Association rules coming from the application of the method are presented in 

Table 10.  

Table 10. Association rules for defect prediction 

Supp Conf    Rule 

11.1 100.0 -0.191<KE3≤ -0.008+ KE4 ≤ -0.408 + KE5 >-0.309 → faults _2_3_4 

53.9 87.2 KE4 > -0.155  → faults_0 

5.3 80.0 -0.914<KE3≤ -0.754 + KE4 ≤ -0.155  → faults_1 

11.1 70.0 KE4 ≤ -0.155 + KE1> - 0.53 + KE2 > -1.104 → faults_1_2_3_4 

5.5 63.6 -0.408<KE4≤ -0.155 + KE3≤ -0.614+ KE1 > -0.53 → faults_1 

7.1 52.9 -0.191<KE3≤ 0.785+ KE4 ≤ -0.155+KE2>-1.104→ faults_1_2_3_4 

 

For example, the fourth rule can be interpreted as follows: If the fourth complexity 

aspect value falls between the first four classes and the values of the first and the 
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second complexity aspects fall into the last 6 classes then there is 70% probability of 

the class being faulty with one fault most probable. This rule set was generated from 

11.1% of the modeling data set (42 classes of the modeling data set follow that rule). 

The rule set shows the usual drawback of association rules which is its inability to 

provide estimates for all possible cases. In the current data set, only two classes could 

not be estimated. In that case the answer is provided by the distribution of the 

projects given their fault values which points out that the most possible situation is 

that no faults will be found. Therefore the classes that could not be directly estimated 

by the model were considered having no faults. 

7. Investment Analysis Techniques  

Investment Analysis is the study of how an investment is likely to perform and how 

suitable it is for a given investor. Investment analysis is a key to any sound portfolio-

management strategy. Usually it involves an analysis of past investment decisions. An 

investment analysis is a look back at previous investment decisions and the thought 

process of making the investment decision. Key factors should include entry price, 

expected time horizon, and reasons for making the decision at the time. In the 

following section Real Options will be presented as method of Investment Analysis. 

7.1. Real Options Analysis. 

Real Options Analysis (ROA) is based on the analogy between investment opportunities 

and financial options. A real option is a right, but not an obligation, to make a decision 

for a certain cost within a specific time frame. A project is perceived as an option on 

the underlying cash flows with multiple associated investment strategies to be 

exercised if conditions are favorable. The big advancement is that ROA accommodates 

not only the value of the investment’s expected revenues but also the future 

opportunities that flexibility creates.  

 

An option is an asset that provides its owner the right without a symmetric obligation 

to make an investment decision, the owner can exercise the option by investing the 
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strike price defined by the option. A call option gives the right to acquire an asset of 

uncertain future value for the strike price. 

 

A call option gives the buyer of the option the right to buy the underlying asset at a 

fixed price, called the strike or the exercise price, at any time prior to the expiration 

date of the option: the buyer pays a price for this right. If at expiration, the value of the 

asset is less than the strike price, the option is not exercised and expires worthless. If, 

on the other hand, the value of the asset is greater than the strike price, the option is 

exercised – the buyer of the option buys the asset at the exercise price and the 

difference between the asset value and the exercise price comprises the gross profit 

on the investment.  

 

While ROA was applied extensively as a decision making tool for in IT projects, during 

the last decade the application of ROA is concentrated on valuating the inherent 

uncertainties in software engineering practices. Examples of this application can be 

found in [60], [61], [62], [63], [64]. 

7.2. Real Options Analysis in Software Process Improvement. 

In this section we will present an example of the applying Real Options in Software 

Process Management [65]. The case study valuates the economical benefits of three 

refactoring activities in Extreme Programming, (a) Move Method, (b) Extract Method 

and (c) Polymorphism. The case study is divided into two parts, first the calculation of 

ROA variables and the second the actual Option-Based Analysis.  

 

Calculating ROA Variables 
 

This step aims at calculating the variables needed in the real options analysis. For every 

investigated refactoring, the method needs three variables, (a) S (expected value), (b) X 

(cost – exercise price) and (c) σ (volatility). In order to calculate these variables we 

conducted a case study on one hundred (100) junior programmers, according to the 

guidelines described in [16]. The subjects of the case study have been one hundred 



65 

(100) junior programmers with a BSc in Computer Science. The objects of the case 

study have been four successive versions of a medium size, sales management system, 

approximately 4500 lines of code.  

 

The first version of the system included no refactoring activities (v0). In version 1 one 

instance of a move method refactoring has taken place (v1).  In version 2, an additional 

instance of an extract method refactoring has been performed (v2). In the final version 

(v3) an opportunity of using the polymorphism has been identified and applied.  

 

For every subject (developer) the time needed for performing several perfective 

maintenance tasks has been recorded (extension_time). Thus, the dataset of the case 

study included the following three variables: 

• Project Version 

• Average Transition Time for Corresponding Project Version  

• Extension Time 

 

Identify the Comparison Method 
 

On the completion of data collection phase, the following steps have been performed 

so as to answer the research questions described above: 

 

1.  Calculate Average Transition Time for Corresponding Project Version. For each 

version, average transition time is the sum of all previous versions average 

transitions time, plus the time needed for current transition. 

 

2.  Calculate Average Extension Time for Every Project Version. 

 

3.  Calculate Average Standard Deviation for Extension Time for Every Project 

Version. 
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Results 
 

The dataset created from the above mentioned procedure is summarized in Table 11. 
 

Table 11. Real Options data set for XP refactoring 

System Version v0 v1 v2 v3 

AVG transition time 0 7.55 10.83 16.92 

AVG extension time 44.22 38.57 32.52 30.42 

AVG standard deviation 8.39 6.09 5.47 4.09 

 
Option-Based Analysis 

 

From the dataset presented the necessary variables was measured for calculating the 

call options for each refactoring leading to system versions v1 to v3. To convert time to 

money and be able to calculate the exercise price for each refactoring an average 

hourly pay rate of 6€ was assumed. Having a 10% increase of the original system after 

the maintenance tasks completion, a 10% increase was attributed in the systems 

revenue as its expected value, giving an (S) of approximately 1000€. To calculate the 

exercise price for each systems version the transition and extension times were added 

and then multiplied with the pay rate. Finally the lattices are shown in the following 

table.  

 

Table 12. . Exercise price for system versions  

System Version v0 v1 v2 v3 

Total time 44.22 46.12 43.35 47.34 

Exercise Price (X)  265.32 276.72 260.1 284.04 

 

With an options time to expiration (T) equal to 4 months (the time to make the 

decision), cost of capital (r) at 15% and using AVG standard deviation as volatility (σ), 

the following results are found for each system version: 
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Version 0: 

  
 

Version 1: 
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Version 2: 

 
 
Version 3: 

 
 

Having calculating the Option Values for each system extended version we can finally 

obtain the Net Profits for each version, as shown in Table 13. 
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Table 13. Net profits for each system version 

System Version v0 v1 v2 V3 
Option Value 745.97 735.46 751.35 728.46 
Time Value 11.29 12.18 11.45 12.5 
Net Profit  723.39 711.1 728.45 703.46 
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7. Conclusions 

This deliverable presented an overview in the quite extended relevant literature of 

powerful analysis techniques which can be applied to systematically support various 

Software Process Improvement (SPI) processes. The available analysis techniques were 

classified into the following categories and each technique was described along with 

application examples from the SPI problem domain:  

 Multi Criteria Decision Analysis Techniques, such as the Analytic Hierarchy 

Process-AHP and its extensions. In the deliverable we have presented how 

these techniques can be applied to support the prioritization of improvement 

activities and determine an action plan for an SPI project.  

 Simulation Techniques, such Petri Nets and Software Dynamics. We have shown 

how System Dynamics can be used to simulate a software development process 

and estimate the required effort for the process to be executed. The model of 

Petri Nets was discussed with references to problems of project selection and 

staff assignment in a software organization that executes, in parallel, many 

software projects. 

 Social Network Analysis-SNA. In the deliverable, we have discussed applications 

of SNA to analyze how members of a software development organization 

collaborate together. The application field was distributed Open Source 

Software development and SNA measures revealed certain correlations with 

coordination performance measures in a defect management process. 

 Quality Assessment Techniques, such as the Quality Function Deployment–QFD 

and the Goal-Question-Metrics Technique-GQM. The application of these 

techniques was discussed in the context of a requirements management 

process.  
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 Probabilistic Techniques, like Bayesian Belief Networks and Association Rules.  

We have presented examples of how to use Bayesian Networks to estimate the 

effort to develop a software product as well as a case study that applies 

Association Rules to estimate productivity in a software development project.  

 Contemporary Investment Analysis Techniques, like Real Options Analysis. We 

have discussed a detailed example to evaluate the economical benefits of 

various refactoring activities when an organization follows an agile software 

development process (Extreme Programming). 

Actually, this deliverable serves as the foundation for forthcoming research in the 

context of SPRINT SMEs project (Research in Software PRocess ImprovemeNT 

Methodologies for Greek Small & Medium sized Software Development Enterprises). 

We have plans to exploit, in a unified and extended way, the toolset of available 

techniques in supporting certain aspects of software development processes. 
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