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Several studies have developed methods for modeling and analyzing 
dependencies among requirements in software development projects. However, 
these methods provide limited support for decision-making regarding software 
requirements (SR) changes. Extending this line of research, the present study 
proposes a three-stage decision-support framework to more systematically 
model, analyze, and manage dependencies among SRs. First, Interpretive 
Structural Modeling (ISM) is employed to organize SRs into a simple hierarchical 
form. Next, a modified version of the Fuzzy Cross-Impact Matrix Multiplication 
Applied to Classification (MICMAC) analysis, which considers both the likelihood 
of occurrence and the impact of change, is employed to categorize SRs based on 
their criticality. Building on the outputs of the ISM and fuzzy MICMAC analyses, a 
lexicographic multi-objective optimization model is then developed to support 
the selection of SR changes that satisfy customer requirements while minimizing 
the breadth and intensity of change propagation. The applicability of the 
proposed framework is demonstrated through a real-world software 
development project involving 28 SRs. This demonstration illustrates that the 
proposed framework provides a systematic and robust decision-support tool for 
software requirements change management, helping to reduce the risk of project 
cost and schedule overruns. 
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1. Introduction 

 
Software requirements (SRs) changes, also known as “requirement volatility” [1], are an 

unavoidable phenomenon of software development projects [2]. According to Yin et al. [3], the 
development process itself is continuously evolving; thus, SR changes can occur at any stage of a 
project. Indeed, Bhatti et al. [4] reported that more than 50% of SRs change during the project 
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lifecycle. Such changes have a substantial influence on project outcomes, often leading to schedule 
delays and budget overruns. These operational disruptions translate directly into substantial financial 
burdens. Ingram [5] reported that SR changes could make up 40% to 90% of the total cost of an 
industrial project, highlighting the profound economic implications of requirement volatility. 
Therefore, managing change effectively is important to a project's success. In a large-scale literature 
survey conducted by Iriarte and Bayona [6], a total of 263 different factors of project success were 
identified in the literature survey; in this context, the second most mentioned was change 
management.  

Research on managing changes has investigated various practices. Studies frequently focus on 
project management practices to address SR volatility, via frameworks like change control boards [7], 
early choice of execution strategies and process models [8], methodologies like Joint Application 
Design, configuration management [7, 9], establishing baseline requirements [10], or comprehensive 
change management planning [11]. Nevertheless, as Thakurta [1] pointed out, “the success of these 
practices is known to vary significantly across regions, suggesting that best practices are not 
universal.”  

A key challenge limiting the effectiveness of these practices is the complex interdependencies 
among SRs. Knowledge boundaries and coordination challenges further exacerbate this complexity 
during requirements determination, thereby hindering effective decision-making [12]. Empirical 
evidence suggests that approximately 80% of SRs exhibit interdependencies [13], meaning that a 
change in one requirement can trigger cascading effects across others. Such propagation increases 
uncertainty and may lead to significant cost and schedule overruns. Consequently, it becomes 
essential to systematically analyze and manage these interdependencies, taking into account their 
mutual interactions and influence [14]. To address this challenge, several methods have been 
proposed to model and analyze SR dependencies; however, as discussed in Section 3, these methods 
suffer from notable limitations.  

To overcome these limitations, this study proposes an integrated, three-stage decision-support 
framework. First, Interpretive Structural Modeling (ISM) is implemented to organize SRs into a 
hierarchical structure that reveals multilevel dependency relationships. Second, a modified version 
of the Fuzzy Cross-Impact Matrix Multiplication Applied to Classification (MF-MICMAC) analysis is 
used to classify SRs by criticality, considering both the likelihood and impact of change propagation. 
Third, building on the outputs of the ISM and MF-MICMAC analyses, an optimization-based decision-
support model is developed to systematically select SR changes that satisfy customer requirements 
while minimizing the breadth and intensity of change propagation. 
 
2. Related Research  

 
Jayatilleke and Lai [14], in their systematic review, identified three main components of change 

management in SRs: determining changes, understanding their impact, and quantifying the effort or 
cost. This article is about the second component: change impact analysis. 

Change impact analysis involves modeling and analyzing dependencies among requirements to 
help trace how changes could spread and what implications they might have early in the 
development lifecycle. Given the complexity of these interdependencies, decision-support 
techniques have been increasingly developed to assist in improving planning, monitoring, and control 
in software projects [15]. 

Over time, various methods have been developed to model these interdependencies. Liu and 
Smolka [16] proposed Directed Graphs (DGs) with hyperedges to capture cause-effect relationships, 
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providing the groundwork for visualizing software dependencies. Other methods have used models 
of links and traceability to connect criteria and show how they are related in meaning [17-19].  Sangal 
et al. [20] used the Design Structure Matrix (DSM), sometimes called the dependency structure 
matrix, to identify interdependencies in software design by analyzing source code. Later, Widiastuti 
and Siahaan [21] built on this idea to show the order of changes in requirements, making it easier for 
stakeholders to see how changes were made and their effects.  

At the same time, goal-oriented requirements engineering facilitated the modeling of deliberate 
and goal-oriented linkages across requirements, hence enhancing impact reasoning at an elevated 
level [22–24]. Fu et al. [25] also used DSM to examine software architecture, showing how easily 
changes can spread through a system.  

Later, more studies broadened the reach. Ali and Lai [26] examined changes in SR within global 
development contexts. Jayatilleke et al. [27] employed DSM to examine the intricacy of need 
modifications. Yin et al. [3] built a class-class matrix at the code level to show how modifications could 
spread and what concerns they might bring. Priyadi et al. [28] built on this work by employing text 
processing and algorithms to make DGs from SR specification documents. Researchers have also 
studied probabilistic and risk-based models to determine how likely change would spread based on 
dependence data [29, 30].  Addressing limitations identified in prior research [17, 18, 31–34], 
Arvanitou et al. [35] proposed the Requirements Ripple Effect Metric for predicting the probability 
of a requirement causing changes elsewhere in the system, offering a more precise way of estimating 
change impact  

Most recently, Bashir et al. [36] introduced an approach grounded in Social Network Analysis 
(SNA) to model and analyze interdependencies among SRs. Using a real-world case comprising 28 
SRs, the study applied structural network measures, including density, in-degree and out-degree 
centrality, and betweenness centrality, to determine requirement criticality and assess the potential 
propagation of changes across the requirements network. 

 
3. Research Gaps and Study Justification 

 
DMs have been widely used in various studies to represent dependencies among SRs for change 

impact analysis. However, aside from Fu et al. [25], most of these studies rely on binary 
representations of relationships, which may oversimplify the nature and intensity of SR 
dependencies, thereby limiting their usefulness for decision-making.  

A major problem with both binary and non-binary DMs is that they do not capture accumulated 
or multilevel dependencies. One way to address this shortcoming is to use DGs, in which each SR is 
represented as a node and dependencies are shown as directed links between nodes. DGs allow for 
a more detailed view of how changes might propagate. However, as the number of requirements 
grows, DGs often become increasingly complex, making it hard to follow dependency paths or 
understand interactions across different levels. Also, both DMs and DGs lack robust analytical tools 
to systematically examine how SRs interact or classify them by the nature of their dependencies.  This 
kind of classification is very important for managing software projects because it enables decision 
makers to identify the most critical requirements and prioritize them accordingly. 

Another gap in existing research is that only a few studies, including Fu et al. [25] and Jayatilleke 
and Lai [14], have addressed changes in SRs that originate at higher levels of abstraction. Most 
methods still look at changes at the source code level. This is especially a problem during the early 
stages of software development, when building new systems from scratch, because the source code 
may not yet be available or sufficiently reliable for decision support. 
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The work of Bashir et al. [36] is a step forward as it provides a network-based view of SR 
dependencies but has some drawbacks. First, it adopts a binary network model that does not account 
for the strength of connections between SRs. Second, the network becomes denser and harder to 
read as more SRs are added, especially when tracking cascading or multilevel dependencies. Third, 
the conventional centrality measures used in this approach only yield a flat ranking of importance; 
they don't group SRs into meaningful hierarchical layers that reveal deeper, cumulative 
dependencies, thereby limiting decision support for SR change management. 

The limitations discussed above highlight the need for a decision-support framework that (i) 
structures SRs into a hierarchical model capable of representing multilevel and accumulated 
dependencies in a simplified and interpretable form, (ii) incorporates fuzziness into dependency 
analysis by accounting for both the likelihood of occurrence and the impact of change, and (iii) 
supports systematic decision-making by enabling the selection of requirement changes that balance 
functional objectives with change propagation effects. 

Based on these gaps, the novelty of this study lies in proposing an integrated framework that 
combines hierarchical modeling, fuzzy dependency analysis, MICMAC classification, and 
optimization-based decision support. Unlike previous DM-, DG-, and SNA-based approaches, the 
proposed framework captures accumulated, multilevel SR dependencies while considering both the 
likelihood and the impact of change propagation. More importantly, it extends dependency analysis 
by incorporating an optimization model to select requirement changes that maximize functional 
benefits while minimizing change propagation. 
 

 
4. Proposed Decision-Support Framework 
 

Decision-making in software projects often involves multiple interrelated factors, necessitating 
structured techniques to support effective planning and control and to understand system 
relationships [15, 37]. Systems theory offers various techniques for identifying and analyzing 
relationships within complex systems, including Interpretive Structural Modeling (ISM) [38]. This 
technique has three main characteristics. First, it is interpretive: specialists and analysts make 
judgment decisions about the relationships between elements. Second, it is structural: a 
comprehensive structure is derived from a set of variables (elements) based upon their associations. 
Last, it is a modeling technique in which a graphical model with nodes and directed arcs represents 
a comprehensive structure. This graphic transformation is viewed as expedient for managing poorly 
defined or unstructured mental models [39].  

Dependencies among variables identified through ISM are commonly further analyzed using 
MICMAC analysis [40] to determine the most critical system variables based on their dependence 
and driving powers and to categorize them accordingly. Scholars have typically used variants of 
MICMAC analysis: the classical version (e.g., [41–44]) and the fuzzy version (e.g., [45, 46]).  

While ISM and MICMAC-based dependency analysis methods (classical or fuzzy) can provide 
valuable insights into dependency structures and SR criticality, they remain primarily analytical and 
therefore require extension to explicitly account for both the likelihood and the impact of change 
propagation and to support optimization-based decision-making for systematic selection of 
requirement changes. Accordingly, the proposed framework adopts a modified fuzzy MICMAC 
analysis that accounts for both the likelihood of occurrence and the impact of change. It integrates 
these results into an optimization-based decision-support model to guide the systematic selection of 
changes to requirements. 
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As illustrated in Figure 1, the framework is implemented in three sequential stages. In the first 
stage, ISM is applied to structure SRs into a hierarchical model that reveals multilevel and 
accumulated dependencies. In the second stage, the modified fuzzy MICMAC (MF-MICMAC) analysis 
is employed to assess dependency strength and classify requirements based on their driving and 
dependence characteristics. In the third stage, the outputs of the ISM and MF-MICMAC analyses are 
operationalized through an optimization-based decision-support model that evaluates alternative 
combinations of requirement changes and identifies solutions that satisfy functional objectives while 
minimizing the risk of change propagation. 

 
 

 

Fig. 1. Stages of the proposed ISM–MF-MICMAC–optimization framework 

To further position the proposed framework relative to existing dependency-analysis methods, 
Table 1 compares representative DM-, DG-, ISM-, MICMAC-, and SNA-based approaches with the 
proposed framework in terms of modeling, classification, and decision-support capabilities for SR 
dependencies. 

To demonstrate its practicality, the framework is applied to 28 SRs from a real-world human 
resource management system (HRMS) development project. The HRMS supports the main functions 
of the human resources department, such as benefits administration, payroll, performance 
evaluation, recruitment, and training. This same project was used in Bashir et al. [36], where an SNA-
based approach was implemented to model and analyze SR interrelationships. Using the same HRMS 
project in the present study enables a direct comparison between the proposed framework and the 
SNA-based approach developed by Bashir et al. [36].  
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Table 1 
Comparison of the proposed framework with relevant dependency-analysis approaches 

Approach Main focus 
Treatment of 
dependency 

strength 

Treatment of 
multilevel / 

accumulated 
dependencies 

Classification capability Decision-support capability 

DM/DSM-
based 
methods 

Represent pairwise 
dependencies among 
SRs in matrix form 

Usually binary; 
some studies use 
non-binary values 

Limited, as 
dependencies are 
mainly represented at 
the pairwise level 

Limited Limited; mainly supports 
dependency visualization 
and tracing 

DG-based 
methods 

Represent SRs as nodes 
and dependencies as 
directed links 

Usually binary, 
unless weighted 
links are added 

Can show change 
propagation paths, but 
graphs become 
complex as the 
number of SRs 
increases 

Limited Limited; mainly supports 
visual analysis of 
dependency paths 

ISM-based 
methods 

Structure dependencies 
into hierarchical levels 

Usually based on 
binary 
relationships 

Strong ability to 
represent hierarchical 
and multilevel 
dependencies 

Provides hierarchical 
structuring, but not 
dependency-strength 
classification 

Limited if used alone 

MICMAC-
based 
methods 

Classify elements based 
on driving and 
dependence power 

Usually based on 
binary reachability 
relationships 

Limited if not 
integrated with 
hierarchical modeling 

Classifies elements into 
groups such as driving, 
dependent, linkage, and 
autonomous 

Limited if used alone 

SNA-based 
methods 

Analyze SR 
interrelationships using 
network measures 

Usually binary or 
weighted, 
depending on the 
network design 

Can identify central 
SRs, but often 
provides flat rankings 
rather than 
hierarchical levels 

Provides centrality-based 
ranking but not 
hierarchical classification 

Limited; does not directly 
support selection of 
requirement changes 

Proposed 
framework 

Integrates hierarchical 
modeling, fuzzy 
dependency analysis, 
MICMAC classification, 
and optimization-based 
decision support 

Considers 
dependency 
strength using 
fuzzy likelihood 
and impact values 

Captures direct, 
accumulated, and 
multilevel 
dependencies in a 
simplified hierarchical 
structure 

Classifies SRs based on 
driving and dependence 
characteristics 

Supports selection of 
requirement changes by 
balancing functional 
benefits and change 
propagation effects 

 

The following are the SRs: 
1. Login feature based on users with   

username and password 
2. Admin creates users 
3. Users can log out of the HRMS system 
4. A failure message is shown if a user does 

not exist in the database or if the user has 
not been authorized by the admin yet 

5. Users can reset the password using the 
phone number saved in his/her record 

6. Interface and data based on user role 
7. Admin creates roles (HR’s role/Manager’s 

role/Employee’s role) 
8. Admin assigns permissions to each role 
9. Admin assigns a role to a user 
10. The user role can be checked from the 

database 

15. Users with a manager’s role can edit his/her 
employee’s info 

16. Users with a manager’s role can search for the 
employees who are under his/her coverage 

17. HR and admin roles can search all the 
employees’ information 

18. Search feature works on specific keywords, 
showing employees’ characteristics, 
peculiarities, skills, features, etc. 

19. The report button filters the contents of the 
search option 

20. Admin can update the role type of a specific 
user 

21. HR users can add a new employee to the 
database 

22. Admin can edit user details 
23. Admin can list all users 
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11. Users with defined roles can display the 
content of the database 

12. Users with an employee role can view 
his/her personal info 

13. Users with an employee role can edit 
his/her personal info 

14. Users with a manager’s role can view 
his/her employee info 

 

24. Admin can search for users 
25. Admin can edit the user’s role 
26. Admin can list all roles 
27. Admin can display all users who have a specific 

role 
28. Admin can manage permissions for each role 
 

4.1 Stage I: ISM Model Development 
 

Developing an ISM model comprises three main steps:  
1. Determining binary relationships among SRs; 
2. Identifying the hierarchical level of each SR; and 
3. Building a hierarchical graphical model  

 

4.1.1 Determining binary relationships among SRs 

Binary relationships among SRs are determined using the Structural Self-Interaction Matrix 
(SSIM), following the procedure presented in Bashir et al. [36]. In this step, the development team 
examines the directional dependency between each pair of SRs using four standard symbols: V, A, X, 
and O. The symbols are defined as follows:  V denotes that a change in SRi would trigger a change in 
SRj (a forward link), A denotes that a change in SRj would trigger a change in SRi (a reverse link), X 
denotes a mutual dependency between SRi  and SRj, and O denotes that SRi  and SRj are independent.  

The SSIM is then converted into the initial reachability matrix using established substitution rules 
[38]. This matrix is equivalent to the adjacency matrix used in Bashir et al. [36], with the only 
difference being that the diagonal entries are set to zero in the adjacency matrix, whereas self-
reachability is retained in the initial reachability matrix. Next, transitivity is applied to generate the 
final reachability matrix, which represents both direct and indirect associations among SRs. This is 
achieved by iteratively multiplying the initial reachability matrix by itself via Boolean matrix 
multiplication until stabilization is reached. Table 2 shows the resulting final reachability matrix for 
the demonstrative development project. 

 
4.1.2 Identifying the hierarchical level of each SR 

After the reachability matrix is created, each SR's level in the ISM hierarchical graphical model is 
determined by finding the intersection of the antecedent and reachability and sets first. For every 
SRi, the antecedent set A(SRi) is the set of SRs that reach SRi. Similarly, for each SRi, the reachability 
set R(SRi) is the set of SRs reachable from SRi. Any SRi where the antecedent set and the intersection 
set were identical was classified as a bottom-level SRi in the ISM hierarchical model. All bottom-level 
SRs are then removed from A(SRi) and R(SRi) to identify the next level of SRs utilizing the same 
process. This process continues until all SRs are assigned to hierarchy levels. Table 3 shows all SRs for 
the demonstrative development project, assigned to seven levels, using this process. 

 
Table 2 

Final reachability matrix 
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R 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
2 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 
3 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
5 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
6 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 
7 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 
8 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 
9 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 

10 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 
11 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 1 1 1 1 
12 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
13 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 1 0 0 0 0 0 0 0 0 0 
15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
16 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 0 0 0 0 0 0 0 
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 
18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
21 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
22 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
23 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 
24 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
25 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
26 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
27 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
28 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

 

4.1.3 Constructing a hierarchical graphical model 

The final step in this stage involves visualizing the associations among the SRs by first removing 
transitive links, thereby constructing a simplified hierarchical graphical model composed of nodes 
and directed arcs. In this model, the nodes representing the SRs are arranged according to the levels 
identified in the preceding step. If a direct association is present between SRi and SRj, an arc directing 
from SRi to SRj is plotted. Figure 2 shows the hierarchical graphical model constructed for the 
demonstrative development project. 

 

4.2 Stage II: MF-MICMAC Analysis  
 

This stage comprises two main steps:  
1. Measuring the strength of relationships among SRs and 
2. Classifying the SRs 

 

4.2.1 Measuring the strength of relationships among SRs 
In this step, the off-diagonal elements with a value of “1” in the initial reachability matrix are 

replaced by weights that represent the direct relationships among the SRs, based on the likelihood 
of occurrence and the impact of changes on each other, using fuzzy set theory [47]. Fuzzy set theory 
allows for the gradual assessment of an element's membership in a set. Different shapes are related 
to membership functions, but triangular membership functions are most frequently used [48]. A 
triangular fuzzy number is defined by three parameters, (a, m, b), where a, m and b represent the 
lower bound, the most probable (modal) value, and the upper bound, respectively. The 
corresponding membership function “𝜇Ã(𝑥)” is given in Eq. (1).  

 
Table 3 

Hierarchical levels of SRs 
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SR   Reachability set Antecedent set Level 

1 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22, 
23, 24, 25, 26, 27, 28 

1 Level 1 

2 2, 3, 4, 5, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22, 23, 
24, 25, 26, 27, 28 

1, 2, 21 Level 2 

3 3 1, 2, 3, 21 Level 7 
4 4 1, 2, 4, 21 Level 7 
5 5 1, 2, 5, 21 Level 7 
6 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28 1, 6 Level 2 

7 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28 1, 2, 6, 7, 8, 9, 10, 11, 21 Level 3 

8 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28  1, 2, 6, 7, 8, 9, 10, 11, 21 Level 3 

9 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28 1, 2, 6, 7, 8, 9, 10, 11, 21 Level 3 
10 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28  1, 2, 6, 7, 8, 9, 10, 11, 21 Level 3 
11 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 26, 27, 28 1, 2, 6, 7, 8, 9, 10, 11, 21 Level 3 
12 12, 13 1, 2, 6, 7, 8, 9, 10, 11, 12, 21 Level 6 
13 13 1, 2, 6, 7, 8, 9, 10, 11, 12, 13, 21 Level 7 

14 14, 15, 16, 17, 18, 19 1, 2, 6, 7, 8, 9, 10, 11, 14, 21 Level 4 
15 15 1, 2, 6, 7, 8, 9, 10, 11, 14, 15, 21 Level 7 
16 16, 18, 19 1, 2, 6, 7, 8, 9, 10, 11, 14, 16, 21 Level 5 
17 17, 18, 19 1, 2, 6, 7, 8, 9, 10, 11, 17, 21 Level 5 
18 18, 19 1, 2, 6, 7, 8, 9, 10, 11, 14, 16, 17, 18, 21 Level 6 
19 19 1, 2, 6, 7, 8, 9, 10, 11, 14, 16, 17, 18, 19, 21 Level 7 
20 20 1, 2, 6, 7, 8, 9, 10, 11, 20, 21 Level 7 
21 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 

22, 23, 24, 25, 26, 27, 28 
21 Level 1 

22 22 1, 2, 21, 22 Level 7 

23 23 1, 2, 21, 23 Level 7 
24 24 1, 2, 21, 24 Level 7 
25 25 1, 2, 6, 7, 8, 9, 10, 11, 21, 25 Level 7 
26 26 1, 2, 6, 7, 8, 9, 10, 11, 21, 26 Level 7 
27 27 1, 2, 6, 7, 8, 9, 10, 11, 21, 27 Level 7 
28 28 1, 2, 6, 7, 8, 9, 10, 11, 21, 28  Level 7 

771      

 μÃ(𝑥) =

[
 
 
 
 

0                           𝑥 < 𝑎
𝑥−𝑎

𝑚−𝑎
            𝑎 ≤  𝑥 < 𝑚

𝑏−𝑥

𝑏−𝑚  
         𝑚 ≤  𝑥 ≤ 𝑏

0                               𝑥 >  𝑏]
 
 
 
 

                                                                                                                             (1)                                                                                                                                          

The initial task in this step is to create linguistic likelihood and impact matrices. The linguistic 
likelihood matrix is constructed by replacing each element eij having value “1” in the initial 
reachability matrix with the likelihood that a change in SRi would trigger a change in SRj, employing 
the linguistic variables described in Table 4. Similarly, the linguistic impact matrix is constructed by 
replacing each element eij with value “1” in the initial reachability matrix with the average impact of 
a change in SRi on SRj (should a change in SRi occur), using the linguistic variables described in Table 
5. Each linguistic term in the likelihood and impact matrices is represented by a corresponding 
triangular fuzzy number (Tables 4 and 5). Multiplying the corresponding elements of the direct impact 
matrices and fuzzy direct likelihood creates a fuzzy weighted impact matrix. Afterward, this matrix is 
repeatedly multiplied by itself using fuzzy matrix multiplication principles until a stabilized matrix is 
obtained. This matrix is called the MF-MICMAC-stabilized matrix. For the demonstrative 
development project, the resulting fuzzy-weighted impact matrix and the corresponding MF-
MICMAC-stabilized matrix are presented in Tables 6 and 7, respectively. 
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Fig.2. Hierarchical graphical model 

Table 4 
 The fuzzy linguistic scale for the likelihood 

Linguistic terms Triangular fuzzy number 

Very Unlikely (VU) (0.0, 0.1, 0.3) 
Unlikely (U) (0.1, 0.3, 0.5) 
Medium (M) (0.3, 0.5, 0.7) 

Likely (L) (0.5, 0.7, 0.9) 
Very Likely (VL) (0.7, 0.9, 1.0) 

 
Table 5  

The fuzzy linguistic scale for the impact 
Linguistic terms Triangular fuzzy number 

Very Low (VL) (0.0, 0.1, 0.3) 
Low (L) (0.1, 0.3, 0.5) 

Moderate (M) (0.3, 0.5, 0.7) 
High (H) (0.5, 0.7, 0.9) 

Very High (VH) (0.7, 0.9, 1.0) 

 

4.2.2 Classification of SRs 

The second step in this stage is to categorize the SRs based on their dependence and driving 
powers. The sum of all values in column j of the MF-MICMAC-stabilized matrix determines the 
dependence power of SRj, whereas the sum of all values in row i of the MF-MICMAC-stabilized matrix 
determines the driving power of SRi. The computed values of dependence and driving powers are 
then plotted on a four-quadrant graph termed the “driving–dependence power diagram.” 

 
Table 6 

Fuzzy weighted impact matrix 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

1 0.00 0.75 0.09 0.61 0.35 0.61 0.00 0.00 0.35 0.04 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.75 0.75 0.75 0.15 0.00 0.00 0.00 
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2 0.00 0.00 0.09 0.25 0.25 0.00 0.00 0.00 0.21 0.21 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.12 0.12 0.12 0.09 0.00 0.00 0.00 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.35 0.35 0.12 0.75 0.26 0.26 0.26 0.26 0.26 0.26 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.12 0.12 0.12 0.12 
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.61 0.75 0.75 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.61 0.61 0.61 0.49 
8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 
9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.75 0.00 0.75 0.00 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.75 0.75 0.75 0.75 0.75 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.43 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
21 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
Table 7  

Stabilized matrix 
  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

1 0.00 0.75 0.09 0.61 0.35 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.61 0.49 0.49 0.61 0.00 0.75 0.75 0.75 0.61 0.61 0.61 0.61 
2 0.00 0.00 0.00 0.25 0.25 0.00 0.09 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.21 0.25 0.00 0.12 0.12 0.12 0.21 0.09 0.21 0.21 
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.61 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.49 0.49 0.75 0.00 0.00 0.00 0.00 0.75 0.61 0.75 0.61 
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.61 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.49 0.49 0.75 0.00 0.00 0.00 0.00 0.75 0.61 0.75 0.61 
8 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.09 0.09 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.09 0.00 0.00 0.00 0.00 0.09 0.09 0.09 0.75 
9 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.49 0.00 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.49 0.49 0.75 0.00 0.00 0.00 0.00 0.75 0.09 0.75 0.49 
10 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.09 0.09 0.00 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.00 0.00 0.00 0.00 0.09 0.09 0.09 0.09 
11 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.49 0.09 0.09 0.00 0.75 0.75 0.75 0.75 0.75 0.75 0.49 0.49 0.09 0.00 0.00 0.00 0.00 0.09 0.09 0.09 0.49 
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.43 0.00 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.49 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
21 0.00 0.04 0.00 0.04 0.04 0.00 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.00 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
26 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 
 

• The first quadrant comprises autonomous SRs with weak driving and dependence powers 
(i.e., they have weak direct and indirect associations with other SRs). 

• The second quadrant comprises dependent SRs, which have weak driving power and strong 
dependence power (i.e., they have a strong dependency on other SRs either directly or 
indirectly, whereas other SRs have weak dependencies on them). 

• The third quadrant comprises linkage SRs, which have strong driving power and dependence 
power (i.e., they have a strong dependency on other SRs either directly or indirectly, while 
other SRs also have strong dependencies on them). 
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• The fourth quadrant comprises independent SRs, which have weak dependence power and 
strong driving power (i.e., they have weak or no dependencies on other SRs, whereas other 
SRs have high dependencies on them either directly or indirectly). 

The dependence and driving power values determined for the demonstrative development 
project were used to construct the driving–dependence power diagram shown in Figure 3. 

 

 

Fig.3. ‘Driving-dependence power’ diagram 

 
4.3 Stage III: Optimization Model Development  

 
Selecting SRs for change involves a fundamental trade-off between delivering stakeholder value 

and preserving architectural stability. Modifying an SR may trigger cascading impacts on other SRs, 
thereby increasing system volatility. Similar trade-offs have been addressed in dependency-aware 
SRs selection models that integrate optimization techniques to account for interdependencies [49]. 
Building on this concept, this study formulates the problem as a multi-objective combinatorial 
optimization problem that integrates the outputs of the ISM and MF-MICMAC analyses. Given the 
hierarchical nature of the objectives, where limiting change propagation is prioritized over secondary 
implementation considerations, a lexicographic optimization approach is adopted. 

Model components 

 
Let I denote the set of SRs. 
 
The model comprises one decision variable, xi, defined as follows: 
 
𝑥𝑖 ∈ {0,1}, ∀i ∈ 𝐼                                                                                                                    
 
where xi =1 if SRi  is selected to be changed, and xi = 0 otherwise. 
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Let vi denote the stakeholder value, or satisfaction contribution, obtained from changing SRi.   

Let 𝑟𝑖𝑗 denote the element of the final reachability matrix derived from ISM, where: 

𝑟𝑖𝑗 = {
1, if a change in SR𝑖 can propagate to SR𝑗                   

0, otherwise                                                                         
 

The binary impact variable 𝑌𝑗 is defined as follows: 

𝑌𝑗 ∈ {0,1}, ∀𝑗 ∈ 𝐼 

 
where Yj =1 if SRj is impacted by at least one selected change, as determined from the final 
reachability matrix, and Yj = 0 otherwise. 

Let 𝐹𝐼𝑖 denote the fuzzy driving power of SR, calculated as the row sum of the stabilized fuzzy 
reachability matrix obtained from the MF-MICMAC analysis. 

Constraints 

The minimum satisfaction constraint is formulated as: 

∑ 𝑣𝑖𝑥𝑖𝑖∈𝐼 ≥ 𝑆𝑚𝑖𝑛                                                                                                                                               (2) 
                                                                                                                                                                       
where   𝑆𝑚𝑖𝑛 ∈  [𝑆𝑙𝑜𝑤𝑒𝑟 , 𝑆𝑢𝑝𝑝𝑒𝑟] 

 
This constraint ensures that the selected set of SRs achieves a minimum acceptable requirement 
satisfaction level (Smin), while allowing flexibility to explore alternative satisfaction thresholds. 

The change propagation constraints are formulated as: 

𝑌𝑗 ≥ 𝑥𝑖𝑟𝑖𝑗     ∀𝑖 ∈ 𝐼,  𝑗 ∈ 𝐽                                                                                                                                                 (3) 

 𝑌𝑗 ≤ ∑ 𝑥𝑖𝑟𝑖𝑗  𝑖∈𝐼 ∀𝑗 ∈ 𝐽                                                                                                                                           (4)                                                                                                                                                                                                                                                                           

 
These constraints jointly define Yj  as a union-based impact indicator, ensuring that an SR is classified 
as impacted if and only if at least one selected SR propagates a change to it. 
 
Optimization structure 

Stage 1: Minimization of propagation breadth 
 
minZ1 = ∑ 𝑌𝑗𝑗∈I                                                                                                                                                  (5) 

 
This objective minimizes the number of impacted SRs, thereby limiting the breadth of change 
propagation and preserving architectural stability. 
 
Stage 2: Minimization of propagation intensity 

 
minZ2 = ∑ 𝐹𝐼𝑖𝑥𝑖𝑖∈𝐼                                                                                                                                                (6) 
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This objective minimizes the total intensity of change propagation by selecting SRs with less fuzzy 
driving power while maintaining the minimum propagation breadth achieved in Stage 1. 

 
5.0 Discussion 
 

This study proposes a three-stage decision-support framework for modeling, analyzing, and 
managing dependencies among SRs by integrating ISM, modified fuzzy MICMAC (MF-MICMAC) 
analysis, and a lexicographic optimization model. ISM visualizes SR interrelationships through a 
hierarchical graphical structure that explicitly reveals both direct and multilevel dependency paths. 
Building on this structure, the MF-MICMAC analysis evaluates the criticality of these dependencies 
by simultaneously considering the likelihood of change propagation and its potential impact. Finally, 
the optimization model operationalizes the outputs of the first two stages by identifying SR change 
combinations that satisfy stakeholder needs while minimizing both the breadth and intensity of 
change propagation.  

 
5.1 Managing Change Propagation through ISM 
 

The ISM hierarchical model provides an intuitive visualization of SR dependencies, allowing 
development teams to understand how SR changes propagate in the system and to identify both 
direct and indirect propagation paths. Supporting this, studies show that graphical feedback leads to 
more complete and faster learning in multidimensional information-processing tasks than numerical 
feedback [50]. In addition, graphical representations enhance the ability of decision-makers to 
identify dependency patterns and relationships between variables [51, 52]. 

The developed ISM model for the demonstrative development project comprises seven levels of 
hierarchy. SR1 and SR21 are at the lowest level of the hierarchy, whereas SR3–SR5, SR13, SR15, SR19, 
SR20 and SR22–SR28 are at the highest level. As a consequence, changes made at lower hierarchical 
levels may propagate through several intermediate SRs before they reach higher levels. This 
hierarchical model allows project teams to identify likely propagation paths for proposed SR changes. 
For example, Figure 2 shows an initial change to SR11 that can cause direct and indirect changes to 
multiple SRs, with the respective change propagation paths indicated by the bold arrows. Such 
information helps project managers to understand the consequences of proposed changes and 
evaluate the potential impact before implementation. 

 
 

 
5.2 Prioritizing SR Changes Using MF-MICMAC 

 
Although the ISM model reveals dependency structures, it does not indicate which SRs are most 

critical from a change management perspective. The proposed MF-MICMAC analysis addresses this 
limitation by classifying SRs according to their driving and dependence characteristics while 
evaluating dependency strength based on both the likelihood and impact of change propagation. This 
dual-dimensional assessment provides a more comprehensive evaluation of SR criticality than the 
traditional fuzzy MICMAC analysis, which considers only the impact dimension. 

The classification of SRs into autonomous, dependent, linkage, and independent groups provides 
practical guidance for SR change management. Independent SRs represent the most influential group 
because changes to these SRs are likely to trigger extensive change propagation throughout the 
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system. Consequently, changes to these SRs should be carefully evaluated and implemented only 
when necessary to satisfy stakeholder needs. For the demonstrative project, four SRs (SR1, SR6, SR7, 
and SR9) were classified as independent, whereas no linkage re SRs were identified. 

In contrast, autonomous and dependent SRs generally have relatively limited propagation effects 
and therefore present lower implementation risks. In the demonstrative project, nine SRs (SR2–SR5, 
SR21–SR24, and SR26) were classified as autonomous, whereas fifteen SRs (SR10–SR20, SR25, SR27, 
and SR28) were classified as dependent. These classifications provide useful guidance when 
evaluating alternative changes. When two alternative SRs belong to the same category, selection can 
primarily be based on their contribution to SRs that satisfy stakeholder requirements, since their 
propagation characteristics are expected to be similar. However, when competing alternatives 
belong to different categories but provide comparable stakeholder value, preference should 
generally be given to the SRs in the less critical category to reduce the risk of widespread propagation 
of change. 
 

5.3 Supporting SR Change Decisions through Optimization 
 
While the ISM and MF-MICMAC analyses provide valuable structural and criticality information, 

they do not directly determine the optimal combination of SRs to change when multiple feasible 
alternatives exist. The third stage of the proposed framework addresses this limitation by integrating 
the outputs of the ISM and MF-MICMAC analyses within a lexicographic optimization model. 
Specifically, the Final Reachability Matrix generated during the ISM analysis determines the 
propagation breadth for each candidate SR, whereas the fuzzy propagation intensity values from the 
MF-MICMAC analysis quantify the severity of change propagation.  

To demonstrate the practical application of this third stage of the proposed framework, consider 
a scenario in which the objective is to satisfy the high-level customer need to strengthen access 
control and administrative functionality in HRM. This objective can be achieved through changes to 
one or more of five candidate SRs (SR1, SR6, SR10, SR11, and SR25). The corresponding stakeholder 
satisfaction values (vi) and fuzzy propagation intensity values (FIi), obtained from the MF-MICMAC 
analysis, are summarized in Table 8. 

 
5.3.1 Construction of optimization inputs 

 
The optimization model is based on three types of information generated in the preceding stages 

of the proposed framework. First, the stakeholder satisfaction values (vi) show how much each 
candidate RS contributes to the defined customer need. Secondly, the Final Reachability Matrix 
obtained from the ISM analysis determines the scope of propagation for each candidate SR by 
identifying all SRs that would be directly or indirectly affected by implementing changes in the 
candidate SR. Third, the MF-MICMAC analysis provides the fuzzy intensity of propagation values (FIi) 
that represent the potential severity of propagated changes associated with each candidate SR. The 
three sources of information serve as inputs to the proposed lexicographic optimization model. 

 
Table 8 

 Candidate SRs data 

SRi  Description Satisfaction (vi) Fuzzy intensity (FIi)  

SR1 Login feature based on username and 

password 

0.4 15.34 
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SRi  Description Satisfaction (vi) Fuzzy intensity (FIi)  

SR6 Interface and data based on user role 0.7 12.56 

SR10 The user role can be checked from the 

database 

0.3 1.53 

SR11 Users with defined roles can display database 

content 

0.5 7.10 

SR25 Admin can edit the user’s role 0.2 0.00 

 
Analysis of the Final Reachability Matrix reveals three important propagation characteristics. 

First, selecting SR1 results in the broadest propagation effect, impacting 26 SRs, corresponding to a 
propagation breadth of Z1 = 26. Second, selecting SR6 produces a considerably smaller propagation 
footprint, affecting only 18 SRs (Z1= 18). Finally, the reachability sets of SR10, SR11, and SR25 are 
completely contained within the reachability set of SR6. Consequently, selecting any of these SRs 
together with SR6 does not increase the overall propagation breadth beyond 18 impacted SRs. 

These observations suggest that different candidate SRs may contribute similarly to meeting 
stakeholder needs but have very different propagation characteristics. Therefore, the choice of the 
most appropriate SRs cannot rely only on the analysis of stakeholder satisfaction or dependency. 
Instead, it needs an optimization procedure to simultaneously balance stakeholder satisfaction, 
propagation breadth, and propagation intensity. 

 
5.3.2. Decision Analysis 

The proposed lexicographic optimization model was solved for three minimum thresholds of 
stakeholder satisfaction. During the first optimization stage, the model minimizes the propagation 
breadth (Z1). Subsequently, among all solutions having the same minimum propagation breadth, the 
second stage minimizes the total propagation intensity (Z2). The resulting optimal SR combinations 
are presented in Table 9. 

For Case A, several combinations meet the stakeholders' minimum satisfaction level of 0.9. 
However, the optimization model finds that {SR6, SR25} is the optimal solution, as it simultaneously 
achieves the smallest propagation breadth (18 impacted SRs) and the smallest propagation intensity 
(12.56). While SR1 could also be used to satisfy the required stakeholder value, it is a less desirable 
alternative due to its significantly larger propagation footprint (26 impacted SRs). 

 
Table 9  

Optimal SR combinations for different stakeholder satisfaction thresholds 

Case Minimum stakeholder satisfaction (Smin) Optimal SR set Breadth (Z1) Intensity (Z2) 

A 0.9 {SR6, SR25} 18 12.56 

B 1.0 {SR6, SR10} 18 14.09 

C 1.2 {SR6, SR11} 18 19.66 

 
When the minimum stakeholder satisfaction threshold is increased to 1.0 (Case B), the 

combination {SR6, SR25} is no longer feasible. Among other feasible alternatives, the optimization 
model chooses {SR6, SR10}, as it has the minimum propagation breadth, and produces the smallest 
propagation intensity (14.09). This solution is therefore the best trade-off between higher 
stakeholder satisfaction and risk of change propagation. 

For Case C, the required stakeholder satisfaction threshold is further increased to 1.2. Under this 
constraint, the optimal solution becomes {SR6, SR11}. Although this solution maintains the same 
minimum propagation breadth, the overall propagation intensity increases to 19.66, reflecting the 
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greater influence of SR11 on propagation compared with SR10 and SR25. These results illustrate the 
expected trade-off between achieving higher stakeholder satisfaction and limiting the severity of 
propagated changes. 

 
5.4 Comparative Discussion with Related Study 

 
Bashir et al. [36] conducted a related study using a binary SNA-based approach to model and 

analyze the same set of 28 SRs from the HRMS project. Based on in-degree, out-degree, and 
betweenness centrality measures, the study identified SRs 1, 2, 6, 7, and 11 as critical. One of the 
limitations of the approach by Bashir et al. [36], is that as the number of SRs increases, the resulting 
network graphs become complex.  In contrast, the present study adopts an integrated ISM and MF-
MICMAC approach to model dependencies using a simple hierarchical graph. Moreover, based on 
both the likelihood of occurrence and the impact of change, the MICMAC analysis identified SRs 1, 6, 
7, and 9 as critical. 

The consistent identification of SRs 1, 6, and 7 across both approaches confirms their role as 
stable drivers within the system rather than artifacts of a particular analytical approach, indicating 
robustness in the underlying dependency structure. The noted difference, specifically the 
prominence of SRs 2 and 11 in the SNA results and SR 9 in the MICMAC results, arises from the unique 
analytical viewpoints of the two approaches. While SNA highlights structural significance and 
mediation in the dependency network, ISM and MICMAC concentrate on hierarchy and cumulative 
influence. Consequently, the ISM–MF-MICMAC approach provides a more effective basis for 
prioritizing SR changes and supporting change management decisions. Importantly, the inclusion of 
the optimization model in the present study translates these analytical insights into actionable 
decision support by identifying SR changes that satisfy customer needs while minimizing change 
propagation. As a result, the proposed ISM–MF-MICMAC–optimization framework is better suited to 
managing SR changes in practice. 

 
6.0 Conclusions 

 
Encountering changes in SRs is typical in any software development process. A critical challenge 

in dealing with these changes is evaluating their consequences during requirements analysis and at 
the start of the stage, especially in projects that involve developing software from scratch. Addressing 
this challenge requires tools that enable development teams to model, analyze, and manage 
dependencies among SRs at early stages of the development process.  

To this end, this study proposes a three-stage decision-support framework for systematically 
modeling, analyzing, and managing dependencies among SRs. In the first stage, ISM is employed to 
develop a hierarchical graphical model that provides clear insight into multilevel interactions among 
SRs. In the second stage, integrating ISM with MF-MICMAC analysis enables the classification of SRs 
into autonomous, dependent, independent, and linkage groups by jointly considering the likelihood 
of occurrence and the impact of change propagation. 

Autonomous SRs are identified as the least critical, whereas independent SRs are the most critical 
in terms of their potential cascading effects. Thus, changes to independent SRs should not be 
performed unless they are necessary to meet customer requirements. When such changes are 
unavoidable, these SRs require close attention, as changes may lead to substantial rework and 
increased risks of cost overruns and schedule delays. Although this classification offers useful 
guidance for understanding SR criticality, the framework goes beyond analytical classification by 
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incorporating an optimization-based decision support model, which provides a systematic evaluation 
of alternative combinations of SR changes and supports the selection of changes that satisfy 
functional requirements while minimizing the breadth and intensity of change propagation, thus 
enabling more informed and robust change management decisions. 

The applicability of the proposed framework is demonstrated by its use in a real-world software 
development project involving 28 SRs. This scale is widely used in the literature for demonstration 
and validation because it allows for a clear and systematic presentation of methodological 
procedures and results. However, the computational complexity of the framework increases as the 
number of SRs increases. Since the dependency matrix is based on pairwise assessment, its 
construction grows quadratically with the number of SRs. In addition, the ISM and MF-MICMAC 
stages involve matrix-based operations, while the optimization stage becomes more complex as the 
number of decision variables and dependency constraints increases. Therefore, although the 
framework is practical for small- and medium-sized projects, applying it to projects with hundreds or 
thousands of SRs may require decomposing the requirements into modules, subsystems, or 
functional groups. Accordingly, empirical studies are required to validate the robustness and 
generalizability of the framework across projects of different sizes, complexity levels, and application 
domains. Although the framework is demonstrated using an HRMS development project, its logic is 
not limited to this domain. The framework can be generalized to other software domains, such as 
healthcare, finance, and embedded systems, provided that the relevant SRs and their dependency 
relationships can be identified by domain experts or extracted from requirement documentation. 
Moreover, when applying the framework in industry, users can further assess the stability of the 
optimization results by changing the assigned likelihood and impact values and comparing the 
resulting requirement-change selections. 

Further validation is also required, and the framework needs to be integrated with automated 
tools or existing software engineering workflows to improve scalability and support practical 
implementation. Future research may also explore the use of machine learning and large language 
models to support the automated extraction of dependencies among SRs, thereby reducing reliance 
on manual expert assessment and improving the scalability of the proposed framework. Such 
integration would allow more SRs to be managed more efficiently, provide real-time decision support 
for SR change management, and enable more effective management of dynamic software 
development environments. 
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    Y  j   ∈  { 0 , 1 } ,    ∀  j   ∈ I


  F   I  i


    ∑  i ∈ I    v  i   x  i ≥     S  m i n


  where         S  m i n ∈    [   S  l o w e r ,       S  u p p e r ]


    Y  j ≥     x  i   r  i j           ∀ i ∈ I ,   j ∈ J  


      Y  j ≤   ∑  i ∈ I    x  i   r  i j     ∀ j ∈ J


   min ⁡   Z 1 =     ∑  j ∈ I    Y  j


   min ⁡   Z 2 =     ∑  i ∈ I    F I  i   x  i

