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Abstract. Non-functional requirements (NFRs) are often addressed late in a
project and, in turn, can get less attention in the requirements prioritization (RP)
process. For various reasons, RP may happen based on functional requirements
(FRs) only. While many approaches for prioritizing NFRs have been published,
these are known also for some limitations, e.g. not being scalable, being domain-
specific and not able to cope with changing requirements. In this paper, we pro-
poses a value-based fuzzy approach for prioritizing NFRs together with FRs. Our
proposed approach takes into account (1) the relationships of NFRs with FRs
using experts’ evaluations and fuzzy logic, and (2) the dependencies among both
types of requirements and also the interdependencies that particularly exist among
the NFRs themselves. We evaluated our proposal by conducting a real-world case
study of an ATM system. We also compared the list of prioritized NFRs with the
list of NFRs prioritized by different stakeholders on the basis of classification
factors. The results of applying the proposed approach on NFRs of ATM system
show that the approach produces a conflict-free and consistent list of prioritized
NFRs.

Keywords: Non-functional requirements · Requirements prioritization · Fuzzy
logic · Value-based requirements engineering · Design science · Empirical study

1 Introduction

Non-functional requirements (NFRs) are often addressed late [3] in requirements prior-
itization (RP) that happens early in the life cycle. One reason for this is that NFRs are
rarely well-understood early in a project. Plus, variation of the perceived importance of
the NFRs might well be possible due to various stakeholders’ perspectives on them [31].
Systematic literature reviews on RP (e.g. [30, 31]) indicate that many approaches have
been proposed for prioritizing NFRs as part of all requirements in a project, however
these often lack scalability and pay only insufficient attention to requirements depen-
dencies, be it dependencies between functional requirements (FRs) and NFRs, or NFRs
interdependencies [33]. To counter these issues, recent efforts of the RE community
focused on the application of fuzzy logic based techniques (e.g. [30]). While these pro-
posals have been demonstrated to work in the specific contexts of the authors designing
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them, no generalizable and conclusive evidence has been produced so far regarding the
strong andweak points of these approaches in real-world contexts. This paper contributes
to the exploration of the application of fuzzy logic techniques for RP purposes. Drawing
on previously published research [6, 7] on fuzzy logic in RP, we propose an approach
named Value-based Fuzzy Requirement Prioritization that accounts for the relationships
and interdependencies between NFRs and FRs [33] as perceived by experts in require-
ments engineering. Our proposal for a NFRs prioritization approach has been developed
and evaluated by using Design Science [2] as our research method. Our work extends
the application of fuzzy logic techniques [6, 7] to prioritize NFRs which so far has
not been investigated in published literature. The proposed approach aims at helping
requirement engineers in prioritizing large number of NFRs through a two-stage pri-
oritization accounting for both stakeholders and experts. To evaluate this approach, we
conducted a nearly real-world experimental study. The rest of the paper is organized as
follows: Sect. 2 provides background on RP. Section 3 describes our research process.
Section 4 proposes our RP approach. Section 5 is on its first experimental evaluation.
Section 6 discusses this evaluation and the implications of this research. Sections 7 is
on limitations and Section 8 concludes.

2 Background and Related Work

NFRs such as performance and security, can be considered as the constraints on a soft-
ware system [8] that describe aspects such as how the system is performing and how
secure it is to use, respectively. These aspects help software architects understand the
architecture designs that best match the NFRs and the order in which they would be
scheduled for implementation.

In the literature in the field of Requirements Engineering (RE), some approaches
for NFRs prioritization exist. Examples are the CEP (Capture Elicit Prioritize) [11, 13]
automated approach, the αβγ framework [12] for prioritizing NFRs, and the NERV
methodology [14]. Next, an approach [19] leveraging the Analytic Hierarchy Process
(AHP) [5] that focuses on interrelationships present between candidate NFRs has also
been put forward. Moreover, other proposals include the hybrid approach that prioritizes
FRsbasedonNFRs [15], theHAM(HybridAssessmentMethod) [16] that defines criteria
for prioritization and also performs pair-wise comparisons of NFRs as used in [15]
for defining trade-offs, simultaneous and separate prioritization approaches for NFRs
and FRs [17], the NFR planning method for agile processes (NORPLAN) [18] which
is a part of the NORMAP methodology discussed in [13]. Most of these approaches
were demonstrated to work for only relatively small number of requirements. Moreover,
studies show (e.g. [31]) that the proposedRP approaches are not guaranteed to be flexible
and able to deal with ever-changing requirements (be it FRs or NFRs). This motivated
our work on defining an approach that is both flexible and scalable in prioritizing NFRs.

Our work draws on published research by other authors on intelligent value-based
approaches to NFRs prioritization. To the best of our knowledge, four studies [6, 7, 26,
27] have been published on such approaches. Ramzan et al. [7] proposed an intelligent
value-based technique for RP based on fuzzy logic and expert systems.Kukreja et al. [26]
presented a method concerned with providing verification to show that value based RP
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frameworks are effective and can help software development organizations to implement
the most important requirements in earlier phases of software development life cycle.
Next, the approach presented in [6] attempts to overcome the limitations present in
existingRP approaches and suggests an intelligent-value-based approach able to produce
the list of requirements prioritized based on the value assigned to the requirements.
Finally, Padmanabhuni [27] deals with identifying a suitable framework for value-based
RP. The selection of this framework is based on the nature of requirements. The work
of these researchers [6, 7, 26, 27] inspired us in including the value-based perspective
on software engineering, in the development of our approach.

3 Research Methodology

Our research process was inspired by the Design Science methodology [2] which aims
at creating artefacts (methods and techniques) to solve real-life problems in information
systems development and in software engineering. A design-science-based research
process starts with goal-setting, and then proceedswith the creation of amethod proposal
and its evaluation in a realistic context. In the next sections, we first present the proposal
of a RP method for NFRs and then we use an example of its application in a real-world
case of an ATM system. The overall goal for using design science is to create a RP
approach that accounts for the interdependencies among NFRs in a project as well as
the interdependencies between NFRs and FRs.

4 Our Proposed Approach

This section provides a brief description of the concept of value-based fuzzy RP and
then it elaborates on our proposed approach (called Value-based Fuzzy Requirement
Prioritization).

As already said, our approach is grounded on the fuzzy logic theory and the value-
based perspective. The fuzzy logic theory served as the foundation to create method of
reasoning that resemble human reasoning. In the case of RP, generally fuzzy logic emu-
lates the way of human decision making that involves the range of possibilities between
digital values YES and NO. Our method also draws on the Value Based Intelligent RP
technique of Ramzan et al. [7], which promotes iterative and multilevel prioritization
and classification of NFRs from the perspectives of (i) stakeholders and (ii) experts
in software projects. The iterative nature of the prioritization process makes sure that
requirements are evaluated and re-evaluated by different actors and a more realistic pri-
ority ranking is achieved. In the technique of Ramzan et al. [7], assuming a set of elicited
requirements has been documented and made available for RP, a two-fold prioritization
takes place: first, the requirements are prioritized by the participating stakeholders and
then by RE experts. Plus, the stakeholders themselves are prioritized by the experts. A
priority assigned to a stakeholder is called a stakeholder profile. The experts rank stake-
holders profiles on a scale of 1–10, where 1 means the least important, and 10 means
the most important. The experts use this scale also for ranking the requirements. Using
the stakeholders’ profiles, the experts identify the importance of requirements provided
by the particular stakeholder. Experts assign prioritization values to the requirements on
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the basis of requirement classification factors (RCFs) – these are prioritization criteria
that are chosen by the RE experts specifically for the project as a whole, or for partic-
ular groups of requirements within the project. Examples of prioritization criteria are:
importance, risk, requirement dependencies, development time, cost and technical debt.
For a specific project and requirement in this project, these RCFs are assigned a score in
the range of 0–5. The lowest value i.e. 0 indicates that particular factor is not present in
a particular requirement and 5 indicates the high involvement of a classification factors
in requirements. The requirement value (RV) is then estimated by using the formula [7]
below:

RV = 0.35+ 0.02
{∑n

i=1
pRCFi+

∑n

i=1
rRCFi

}

where pRCF stands for ‘project-specific Requirements Classification Factor’ and
rRCF stands for ‘requirement-specific Requirement Classification Factors. We note that
the RV value is in the range of 0.35 (when all RCFs are scored to be 0) to 1.35 (when all
RCFs are scored to be 5).We note that the constant 0.35 has been determined by Ramzan
et al. [7] and we borrowed it in our method for the reason of assuring consistency of
terminology.

Second, a fuzzy logic based algorithm (namely, the fuzzy c mean algorithm [21]) is
then applied. This means that requirements are grouped by applying fuzzy membership
value. Furthermore, we use the concept of intelligent value-based RP to the area of
NFRs. And finally, our proposed approach aims at achieving two goals: (1) it should
account for the dependencies between FRs and NFRs, and (2) it should account for the
inter-dependencies of the NFRs themselves.

Belowwe describe the steps of the approach. Assuming a list of FRs and NFRs exists
for a project, our approach includes:

Step 1. Determine the importance value of each NFR with respect to given FRs. Based
on this importance value, the preliminary list of ranked FRs and NFRs is obtained.
Step 2. A decision matrix is constructed by placing the NFRs in a column and putting
the corresponding FRs in rows.
Step 3. In the matrix, an ordinal scale is used to assign importance value to NFRs with
respect to FRs. These values are put in the cells of the matrix. The values are assigned
on a scale of 0–1, where 1 means ‘most important’ and 0 means “not important”.
Step 4.NFRs final ranking is calculated by taking the weighted average of all the values
belonging to NFR against all FRs. The NFR which gets the highest weight is given the
highest priority.
Step 5. In order to account for the interdependencies among NFRs and to assure that the
NFRs are conflict-free, we employ the NFRs conflict resolution method that was first
presented by Dabbagh and Lee [28]. It identifies conflicting NFRs and then offers strate-
gies to experts to resolve the NFRs conflicts before prioritization takes place. Because
of space limitation, we do not present this approach in detail. Instead, we refer interested
readers to the articles of Dannagh and Lee [28].
Step 6. The list of conflict-free NFRs is given to the experts. They assign prioritization
values to the NFRs on the basis of the RCFs (i.e. importance, risk, requirement depen-
dency, development time, cost and penalty). As indicated earlier, each of these factors
is assigned a score in the range of 1–5.
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Step 7. Requirement value (RV) is then estimated by applying the formula below. As
indicated earlier, RV is in the range 0.35 to 1.35.

RV = 0.35+ 0.02

{∑6

i=1
RCFi

}

Step 8. The Fuzzy c mean algorithm [21] is then applied to the final list of requirements
prioritized using RVs and the initial prioritized list of NFRs. This ultimately leads to
final priority ranks.

5 Our First Evaluation

The proposed approach has been evaluated by conducting an experimental study using
real world data in a case of an ATM system. A real set of requirements has been obtained
from the software requirement specification document of this ATM system. Both FRs
and NFRs were defined. The total number of requirements is 40, including 20 FRs (see
Fig. 1) and 20 NFRs (see Fig. 2).

Fig. 1. FRs of the ATM system

The experiment started by first prioritizing the NFRs based on the six prioritization
criteria (these are theRCFs) as shown in Fig. 3 (see columnsB toG)with the participation
of 7 stakeholders. This is Step 1 in our approach. In Fig. 3, the criterion in column B
reflects how much each NFR is important to be implemented for the stakeholders. The
requirement dependency criterion (Req-dep, see column D) shows the extent to which
particular NFRs is dependent upon a FR. Development time is the time required to
implement the requirement. Cost of implementing the requirement has been calculated
by adding Requirement dependency and development time. Penalty value is assigned
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Fig. 2. NFRs of the ATM system

when a required feature is not implemented. The values corresponding to each NFR
and each criterion (also called RCF) are assigned by the 7 different stakeholders on a
scale from 1–5. The two rightmost columns indicate the prioritized NFRs based on these
6 RCFs. Fig. 3 shows that NFR 1.13 and 1.18 are assigned highest priority values. In
contrast, the least values are assigned to NFR 1.1 and 1.4. This means that NFR 1.13 and
1.18 are required to be implemented first and NFR 1.1 and 1.4 should be implemented
the last.

Fig. 3. Prioritized list of NFRs based on RCFs selected for the project
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In order to assign an importance value to each NFRs with respect to FRs, a decision
matrix was created (Step 2) by placing all 20 NFRs in columns and all FRs in rows (see
Fig. 4).

Fig. 4. Importance values assigned to NFRs with respect to FRs (Steps 2, 3 and 4).

In Fig. 4, using the scale of 0 to 1 defined in [29], the following values are assigned:
1 (being very highly important), 0.75 (highly important), 0.5 (low important), 0.25 (very
low important) and 0 (not important). This is Step 3 in our approach. The NFRs final
ranking (Step 4) is calculated by taking theweighted average of all the values belonging
to NFR against all FRs, see the last row in the table of Fig. 4. The NFR which gets
highest weight is given higher priority.

To acknowledge for NFRs interdependencies, conflicts between NFRs are identified
and resolved (Step 5) by using the technique of Dabbagh and Lee [28]. We note that in
the case of the ATM, its application led to the elimination of two NFRs as throughout
the conflict resolution they were found unimportant for the project. The list of remaining
18 conflict-free NFRs is then given to the group of ten experts (Step 6) tasked with
assigning prioritization values to the NFRs based on the selected RCFs for the project
as shown in Fig. 3: importance, risk, requirement dependency, development time, cost
and penalty. Fig. 5 shows the scores assigned to all NFRs by the experts, in regard to
these six RCFs.

For each NFR, the requirement value is then estimated by applying the formula for
RV:

RV = 0.35+ 0.02

{∑6

i=1
RCFi

}

This is Step 7 of our approach. The RV value against each NFR is shown in Fig. 6,
left. Those NFRs having higher RV value are given higher priority. In line with this, the
highest priority is assigned to NFR 1.13 (see the top row in Fig. 6, left).

The fuzzy c mean algorithm [21] is then applied (Step 8) to the final list of require-
ments that are prioritized using the RV values as shown in Fig. 6, left. In this study, the
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Fig. 5. Scores assigned to the NFRs by 10 field experts (Step 6)

NFR 1.13 RV=0.99
NFR 1.18 RV=0.95
NFR 1.11 RV=0.89
NFR 1.20 RV=0.79
NFR 1.16 RV=0.61
NFR 1.19 RV=0.75
NFR 1.17 RV=0.75
NFR 1.15 RV=0.59
NFR 1.14 RV=0.79
NFR 1.10 RV=0.85
NFR 1.7 RV=0.75
NFR 1.9 RV=0.65
NFR 1.8 RV=0.69
NFR 1.1 RV=0.71
NFR 1.4 RV=0.63
NFR 1.2 RV=0.67
NFR1.4 RV=0.63
NFR 1.3 RV=0.61
NFR 1.6 RV=0.83

NFRs  Priority value C1 C2 C3 
NFR 1.1 (14,11) 4.95 8.03 11.9
NFR 1.2 (16,13) 7.49 10.7 14.7
NFR 1.3 (17,17) 10.6 13.8 18.1
NFR 1.4 (15,15) 7.73 11.0 15.2
NFR 1.6 (18,5) 10.1 11.8 13.9
NFR 1.7 (11,10) 1.83 4.89 8.91
NFR 1.8 (13,12) 8.56 7.62 11.7
NFR 1.9 (12,14) 4.96 8.17 12.5
NFR 1.10 (10,4) 5.98 5.15 5.90
NFR 1.11 (3,3) 9.27 6.06 1.75
NFR 1.13 (1,1) 12.1 8.86 4.57
NFR 1.14 (9,6) 3.92 3.04 5.16
NFR 1.15 (8,18) 8.16 10.2 14.2
NFR 1.16 (5,16) 7.37 8.29 11.7
NFR 1.17 (7,9) 2.36 1.19 5.47
NFR 1.18 (2,2) 10.7 7.45 3.16
NFR 1.20 (4,7) 5.94 2.74 2.65
NFR 1.19 (6,8) 3.71 0.61 4.11

Fig. 6. The RV values for the NFRs (left) and the final cluster values after 4th pass (right)

number of clusters has been selected as c=3. Thus, each cluster contains 6 NFRs (as the
total is 18). Randomly three centroid values have also been given to these clusters i.e. for
cluster 1, value 9 has been given as initial prioritization value and 10 is given as RV-based
prioritized value. Similarly, random values have been assigned to other clusters as well.
The distance from a point to cluster center has been defined as the Euclidean distance.
The fuzzifier value “m” – which is the parameter controlling how fuzzy the cluster will
be – is assumed to be 2 in this study. The number of centroids has been set as 3. Fig. 6
(see the right side) shows the final cluster values after the 4th pass.

The final prioritized list of NFRs is shown in Fig. 7. Therein, the highest priority is
assigned to NFR 1.13 and least priority is assigned to NFR 1.15. To sum up, by applying
value based fuzzy prioritization approach to the NFRs of the ATM system, we obtained
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Final prioritized list of conflict free NFRs
NFR Priority

NFR 1.13 1
NFR 1.18 2
NFR 1.11 3
NFR 1.10 4
NFR 1.6 5
NFR 1.14 6
NFR 1.20 7
NFR 1.19 8
NFR 1.17 9

                   NFR 1.7 10
NFR 1.1 11
NFR 1.8 12
NFR 1.2 13
NFR 1.9 14
NFR 1.4 15
NFR 1.16 16
NFR 1.3 17
NFR 1.15 18

Fig. 7. Final prioritized list of NFRs (the result of Step 8)

a conflict-free list of prioritized NFRs. This list accounted for both the dependencies
between NFRs and FRs and the interdependencies among the NFRs themselves.

6 Discussion

We compared the list of prioritized NFRs obtained by applying our value-based fuzzy
prioritization approach (Fig. 7) with the list of NFRs prioritized by stakeholders on
the basis of RCFs i.e. the prioritization criteria (Fig. 3). The prioritization criteria have
been kept same for both the RP processes (i.e. for the value-based NFRs prioritization
(our proposed approach) and the prioritization based on values assigned by stakeholders
as shown in Fig. 3). The results of our experimental study show that the proposed
approach produces better outcome in three regards: (i) our approach produced a ranking
(as opposed to the percentages indicated in the column “Priority %” in Fig. 3), (ii) we
obtained a prioritized list of conflict-free NFRs, and (iii) we implemented the two-stage
RP by involving 10 experts in addition to the 7 stakeholders (Fig. 3). Our research has
some implications for practitioners and for researchers. First, the proposedmethod keeps
the requirement engineers focused on the prioritization of NFRs during early software
development phase. As earlier research suggested [32], often the NFRs are treated late
and then approached by software architects, developers, and even testers. Second, having
a method for RP of NFRs helps project managers including NFRs in the estimation of
effort of their projects. As Kassab et al. [34] indicate, project estimation is better, if
it accounts for the NFRs’ interdependencies and if it is aware of the NFRs conflicts.
To RE researchers, the proposed fuzzy logic based approach opens up some interesting
research directions First, the method assumes that stakeholders will assign priorities to
the existing requirements. If stakeholder’s involvement is not possible at that stage, what
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heuristics the RE specialist responsible for the project, could adopt in order to be able to
create the inputs for the matrix that is created in the first steps of our method? Second, it
is good to know if the applicability of the method depends on the characteristics of the
application domain and the size of the project. Finally, we note that our evaluation study
included 40 requirements in a realistic project (ATM). Although, this is more than what
is included in the demonstrations of other published RP proposals, we can no claim for
certain the scalability of our approach to contexts in which thousands or hundreds of
thousands of requirements are to be prioritized. We think that researchers together with
practitioners may conduct an empirical research on large-scale requirements repositories
to explore the scalability, the accuracy and the efficiency of the proposed approach. Also,
a comparative study may also be conducted to explore how our method compares with
other techniques.

7 Limitations

This research has some limitations. As Hevner et al. [2] suggests, an important validity
concern is the generalizability of our proposal. We did a very first evaluation of the RP
method on a realistic project in experimental settings. This included 40 requirements.
Clearly, most projects would have more. We however think that if the steps of our
approach are fully automated, dealing with long lists of requirements would not be
a problem. Would the approach be suitable to all project contexts? We think that the
approach is more suitable for projects in which diverse NFRs are to be considered and
their dependencies must be analysed in detail. This would be for example in contexts
of large scale online systems, such as gaming software, social network software or
e-commerce sites that are concerned with scalability, performance, privacy, security,
usability, learnability and ease of use. In contrast to this, we think that certain types
of applications such as administrative software systems (e.g. in human resources, in
accounting) where the number of users is limited, would not benefit vastly from our
approach. This is not to say that the projects developing such applications can not employ
our method; they certainly could, however they might find no big difference between
using ourmethod and any other RP technique available in themarketplace. In this kind of
contexts, there are usually a very small number ofNFRs [32] and they arewell understood
and the trade-offs among them might well be known to the software architects.

8 Conclusions

This paper proposed an approach that employs intelligent value based fuzzy prioritization
to NFRs. We made a step towards a RP solution based on fuzzy logic by extending the
earlier work done on value based fuzzy requirement prioritization [6, 7]. Using a realistic
case, an ATM system and its FRs and NFRs specifications, we have demonstrated that
if a requirements engineer has a specification at his disposal, he/she would be able to
prioritise the NFRs early in the development process by taking into account the NFRs
interdependencies and also the dependencies between NFRs and FRs.

Manually performing all steps and computations is time consuming and requires a
lot of efforts. Moreover the computations may also be prone to errors as they have been
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performed manually. Therefore, our immediate future work is to build a tool support
for this approach so that all these limitations can be overcome. Plus, we plan to use
this tool in other realistic contexts in order to evaluate the strong and weak points of
our proposed method. Specifically, we expect to start more evaluation studies in the
Netherlands in those companies that are RE research partners in the research projects of
the last co-author). The proposed approachwill be applied on larger set of non-functional
requirements i.e. more than 20, and the results will then be compared with other existing
approaches for NFR prioritization. More subjects will be involved to get larger number
of functional and non-functional requirements of any real software system in order to
give stronger foundation to the results.

We before, our future work also includes empirical studies in companies in order to
evaluate the acknowledge that our experimental study was applied to relatively small
set of NFRs (20). Ther applicability, the usefulness and the utility of our approach in
real-world projects. Only then, we could make firmer conclusions about the qualities of
our proposed method.
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