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Abstract. The goal of this research is to investigate the optimization of the Cell-
based software architecture. Cell-based software architecture structures a software
system into interconnected cells, each comprising multiple elements. This study
focuses on optimizing the architecture by determining the optimal number of cells
and their internal organization. To achieve this, the Community Detection approach,
which identifies closely connected elements, was applied. To preserve cell bound-
aries, reduce complexity, and enhance modularity, we introduce the concept of func-
tionality, which can be represented by one or more cells. This concept serves as
the foundation for optimizing software architecture. A series of experiments were
conducted to analyze the problem dimensions that can be addressed through opti-
mization and to evaluate the robustness of the mathematical model. Given that the
proposed model is unable to solve large-scale problems efficiently, we developed
a heuristic approach and compared its results with those obtained from the mathe-
matical model. The evaluation results indicate that different software architectures
can be derived in terms of cell granularity, composition, and interaction. Since each
cell can contain multiple elements realized in various architectural styles, the pro-
posed model enables the integration of diverse architectures within a single software
system. This flexibility enhances the system’s adaptability and overall efficiency.

Keywords: software architecture, cell-based architecture, community detection, ar-
chitecture optimization, destroy and repair.

1. Introduction

In today’s digital age, the application of software systems spans across various domains.
These systems enable seamless communication and data exchange within and across dif-
ferent industries. In the interconnected world, software systems can be utilized by a di-
verse range of clients, and it is essential to ensure they have capabilities to support them
effectively.

Software architecture of a system can be defined as the set of elements needed to rea-
son about the system [6], encompassing various software components, their relationships,
as well as the properties of components and relationships [12]. Software architecture can

* The paper is an extended version of the FedCSIS 2024 conference paper.
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be considered as a blueprint for further software design, based on which various compo-
nents are created. These software components are used to fulfill the functional require-
ments of the software system [12].

In addition to functional requirements, software systems should incorporate capabil-
ities related to non-functional requirements such as security, deployability, availability,
scalability, reliability, resilience, maintainability, etc. [12]. However, achieving a high
level of non-functional requirements can be a challenging task. Non-functional require-
ments are typically defined as quality attributes of a software system, and are closely
related to software architecture [14].

Considering utilization of software systems in various domains, as well as their com-
plexity, ensuring high-quality software becomes an important challenge. Poor architec-
tural decisions can lead to issues such as technical debt, inappropriate resource utiliza-
tion, and security vulnerabilities [11], [13]. In addition, these decisions are essential in
determining the maintainability of software systems, as they establish the foundational
structure that influences future software development and evolution [61]. Inappropriate
architectural choices can lead to the accumulation of Architectural Technical Debt (ATD)
[8], [62], which refers to design decisions that expedite short-term development but hinder
long-term system evolution and maintenance [8]. This debt manifests through increased
complexity and reduced system adaptability, resulting in high maintenance costs and ef-
forts [8], [62].

Understanding the relationship between software architecture and software quality is
essential for developing robust, scalable, secure, and maintainable systems. In this con-
text, software architects and engineers should consider these aspects from the earliest
stages of software development [25].

This research investigates the optimization of the Cell-based software architecture.
Cell-based architecture considers the organization of a software system in the form of in-
terconnected cells, while each cell can contain multiple elements [1], [S5]. The Cell-based
software architecture allows each software element within a cell to be realized using its
own architectural style, enabling flexibility in design and implementation [1], [55]. By
leveraging this approach, the architecture can utilize the benefits of multiple architectural
paradigms within different cells. Since each cell operates autonomously and can be man-
aged independently of others, this architecture enhances encapsulation, isolation, and the
distribution of software elements [1], [S5]. Some open topics in this approach relate to
determining the optimal granularity, composition, and interaction of cells [52], as these
factors directly impact various software quality aspects. This research examines the opti-
mization of cell-based software architecture, specifically focusing on the number of cells
and their internal organization as a community detection problem. In this context, a math-
ematical model for optimizing Cell-based software architecture was constructed. Addi-
tionally, given that this problem is NP-hard, we have developed a heuristic for solving
large-scale problems.

The rest of the paper is organized as follows. Section 2 introduces various software
architectures that can be applied in the software development process. Additionally, the
Cell-based software architecture is presented, as well as the Community Detection prob-
lem and its application in different fields. Section 3 defines the problem and proposes a
mathematical model for optimizing Cell-based software architecture, along with evalua-
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tion and optimization results. The heuristic and numerical results are introduced in Section
4. Finally, discussion and conclusions are presented in Section 5.

2. Background

2.1. Software Architecture

When software design is concerned, various software architectures can be observed. For
example, monolithic architecture represents a traditional software design approach. This
architecture involves multiple modules that are executed together as a single unit at run-
time, resulting in high coupling between the modules [10]. On the other hand, microser-
vice architecture is an alternative to monolithic architecture [48]. In microservice archi-
tecture, each element is implemented as a separate microservice, which operates inde-
pendently as a single unit at runtime. This approach results in low coupling between
microservices [10], [48]. However, taking into account that each microservice is managed
independently, microservice organization and communication must be carefully consid-
ered [24]. In addition, microservices typically require additional components for man-
agement, such as microservice orchestration and choreography [58], which can intro-
duce additional complexity. Although monolith and microservice architecture can co-exist
within the same system, researchers are exploring approaches decomposing and gradu-
ally transitioning from monolithic applications to microservices [2], [15], [42], [53]. Both
monolithic and microservice architectures require infrastructure services (e.g., application
server, database server, etc.), which can be either on-premises or cloud-based.

Another alternative to monolithic and microservice architectures is serverless soft-
ware architecture, an approach that focuses on designing services related to specific busi-
ness capabilities [56]. In this context, Functions-as-a-Service (FaaS) can be coded and
deployed, while the underlying infrastructure is managed by the cloud provider [57]. Al-
though this approach allows software engineers to focus on business functions, it results
in a high degree of coupling with the infrastructure services provisioned by the cloud
provider.

Based on the previous discussion, it can be stated that each software architecture has
its own pros and cons that should be carefully considered during the software design
process.

2.2. Cell-based Software Architecture

Cell-based architecture can be defined as a software architecture that incorporates multi-
ple units of workload, with each unit known as a cell [55]. Each cell is independent from
other cells, does not share state with other cells, and can encapsulate multiple components
of different types [1], [55]. Additionally, each cell contains a cell gateway, serving as the
central entry point for cell communication. In this context, intra-cell and inter-cell com-
munication can be observed, which is realized with well-defined interfaces and protocols
[1]. A specific set of functionalities or services can be incorporated within a cell, defining
a cell boundary. In this context, cell-based architecture can be related with domain-driven
software design [45].

Conceptual overview of the Cell-based software architecture is presented in Figure 1.
The figure depicts two cells with multiple elements, with the cell boundaries outlined by
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octagons. Cell A incorporates three elements (e.g., one monolith and two microservices),
while Cell B also includes three elements (e.g., three microservices). Additionally, ele-
ment A2 from Cell A communicates with Cell B through the cell gateway. In this way
inter-cell communication is realized [1]. On the other hand, element B2 communicates
with element B3. This communication is performed inside Cell B and represents intra-
cell communication [1]. Each cell is autonomous and can be managed independently of
other cells. As a result, better encapsulation, isolation, and distribution of software archi-
tecture elements can be achieved, addressing some of the typical challenges in software
architecture design [9].
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Fig. 1. Conceptual overview of the Cell-based software architecture

Considering that a cell can incorporate multiple capabilities implemented in various
architectures, the cell-based approach facilitates the introduction of multi-architecture
software development. In this context, the benefits of each applied architecture can be
utilized, while their cons can be managed. This approach allows each cell to be indepen-
dent and iterate individually, resulting in decentralized software architecture [1].

2.3. Community Detection Problem

Community detection problem belongs to the field of Complex Network Analysis. Its
most common areas of application are: social networks [16], [38], neuroscience and bi-
ology [46], supply chain networks [41], [63], politics, customer segmentation, smart ad-
vertising and targeted marketing [30], etc. The community detection approach was also
applied in software engineering, as both the process-oriented and object-oriented software
architecture can be presented as a complex network [36] characterized by properties like
those commonly observed in other complex networks [60]. Authors Pan, Jing, and Li used
community detection approach for refactoring the package structures of object-oriented
software in order to improve the maintenance process [49]. Software maintenance was
also emphasized as the reason for using community detection in research conducted by
Huang et al. [27]. Authors Hou, Yao, and Gong applied community detection approach to
developer collaboration network in software ecosystem based on developer cooperation
intensity [26].
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In the context of software architecture, the Community Detection approach can be
used to analyze service dependency graphs in microservice architectures [22]. This ap-
proach has been applied to facilitate the extraction of microservices from monolithic ap-
plications [20], [37]. Based on the defined entity types and their relationships, the Louvain
algorithm for graph clustering was employed to identify potential microservice candi-
dates [37]. The research conducted by Filippone et al. proposes microservices extraction
by applying graph clustering and combinatorial optimization to maximize cohesion and
minimize coupling between microservices [20].

Communities are groups of network’s vertices with the common properties and/or
role in the network [21]. The community detection problem is to find communities that
maximize a given quality function. The solution of the problem is a set of communities
such that the number of edges within the community is greater of the number of edges
between the community’s vertices and the rest of the network (Figure 2).

Fig. 2. A simple graph with three communities

There are several quality measures intended to evaluate the structure of communities
[17]. In this paper we use the standard and most used measure of quality, called New-
man—Girvan modularity [47]. One of the formulations of Newman—Girvan modularity is:

_ X Ly Dk \»
0=""1* G (M)
k2C

where C represents the set of communities, Lk is the sum of the weights of the edges
within community K, L is the sum of weights of all edges in the entire network, and Dy
is the sum of the degree of the vertices in community K.

The function (1) is nonlinear and it can only be solved for small and medium-sized
unweighted graphs [7]. Hence, several solving methods and linearizations of it can be
found in the literature [54], [19]. In this paper, we use the variant of modularity function



6 Milo$ Mili¢ et al.

(1) that enables further linearization, proposed by Alinezhad et al. in [5]:

1 X X 1 X

k2C (i:j)2Ex i;j2Vi

Q

where Ey represents the set of edges in the community K of a given graph G = (E;V),
Vi is the set of the vertices in the community K. The parameter bjj is the weight of the
edge (i;j), (i;J) 2 E, and d; is the weighted degree of the vetrex, obtained as sum of the
weight of all input and output edges of vertex i:
>
di = bij; i2V 3)
(i:3):3;1)2E

3. Mathematical Model for Optimizing Cell-based Software
Architecture

As previously discussed in Section 2, cell-based software architecture can be depicted as
a network of interconnected cells and elements that communicate with each other. Given
that the solution of Community Detection problem can identify closely connected items,
this section presents a mathematical model for optimizing cell-based software architec-
ture. Optimizing the cell-based architecture can potentially lead to better resource uti-
lization through an optimal number of cells and their internal organization. Additionally,
various software quality attributes can be improved.

The model for optimizing Cell-based software architecture is related to the research
presented in [44], whose core is based on the mathematical model presented in [5] by
Alinezhad et al. However, in that study, we did not explain how the weights of the edges
should be determined, as they were randomized in the experiments [44]. In this context,
the model will be extended to define the measurement and calculation of these weights.
Based on this extension, a software system will be developed, a simulation will be con-
ducted, and the results will be analyzed. Given that this problem is NP-hard, a heuristic
for solving large-scale problems will be developed, and its results will be compared with
the optimization results obtained from the mathematical model.

When the software architecture whose elements should be grouped into cells based on
community detection problem, the elements of the architecture are vertices of the graph
G = (E;V). The edges of the graph exist between the elements (vertices) which com-
municate, while the weight of the edge (i; j), bij represents the intensity of the commu-
nication.

To determine the intensity of communication, various software metrics can be utilized.
These software metrics should be observed and collected within a specified time frame,
allowing insight into application quality [51]. However, it is important to note that differ-
ent software metrics may have different scales and measurement units [59], which must
be carefully considered. For instance, response time is typically measured in time units
(e.g. seconds, milliseconds, microseconds, nanoseconds, etc.), while payload size is typi-
cally measured in data units (e.g. bytes, kilobytes, megabytes, gigabytes, etc.). To ensure
data consistency and maintain precision, it is essential to standardize measurement units
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and perform necessary adjustments before further analysis [23], [50]. Based on the ob-
served and collected metrics, we propose an approach that introduces normalization and
aggregation of raw values. In this context, the Min-Max normalization can be applied:

_ Xij  min(X)
Mij = max(X) min(X)

“

where Xij represents the raw value of the examined software metric, X is the set of all
raw values for that metric within the observed time frame, and m;; is its normalized value
within the range [0,1].

All relevant software metrics should contribute to the determination of the intensity of
communication. However, some software metrics may have a greater impact than others.
To account for this, a weighted sum approach can be utilized:

bij = Wimygij + Wamajj + 1 IWnMpij )

where Myjj; Myjj; :iI; Mpjj are normalized software metrics, Wy; Wp; iii; W are weights
that represent the importance of each metric, and bjj represents the intensity of the com-
munication.

Various software metrics can be utilized to determine the intensity of communica-
tion between software elements. In our approach, we will utilize software metrics related
to effective interaction between software elements. Two software elements can interact
through different communication models, protocols, and patterns [4]. For instance, in
the Request-Response model, direct invocations can be calculated. On the other hand, in
the Pub-Sub model, published messages received can be calculated. A high number of
interactions between two software elements may indicate a high intensity of communica-
tion, as frequent exchanges suggest a strong relationship between the elements (in terms
of interaction). If not properly managed, high communication can lead to performance
anomalies and bottlenecks [28].

Furthermore, the time required for the submission of the request and the completion
of the response should also be considered [51], [18]. Request Time refers to the duration
taken to transmit the request from the sender software element to the receiver software
element, including potential delays such as network latency and queueing delays. On
the other hand, Response Time includes the actual time required for request processing,
along with additional delays that may occur during transmission of the response (e.g.,
network delays, queueing delays). It is important to note that the request time and re-
sponse time may differ based on the applied communication model (e.g. synchronous vs.
asynchronous calls). High request time and response time may indicate network issues,
inadequate resource utilization, or inefficient processing mechanisms [35], [64]. In this
context, both request time and response time should be properly monitored to improve
communication efficiency.

During each interaction, data is transmitted between software elements. For instance, a
request may contain input data that needs processing, while a response may return output
data as the result of the request. These data exchanges can be represented in various
formats (e.g., plain text, JSON, XML, binary). Large transmitted data indicate substantial
data transfer requirements [40]. If not properly managed, this can lead higher network
utilization and increased bandwidth consumption. On the other hand, small transmitted
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data suggests lightweight interactions, but has the potential to cause significant overheads
[39].

The examined software metrics are commonly employed in contexts where commu-
nication between software systems is of primary concern. In addition, these metrics are
supported by a variety of tools designed for the measurement and monitoring of soft-
ware performance. Based on the discussed metrics, communication intensity proposed in
equation (5) should be calculated as follows:

bij = WiMNointij ¥ W2MReqTij + W3MResTij + WaMRegsij + WsMRessij ~ (6)

where MnoIntij is normalized software metric Number of Interactions, Mreqrij is nor-
malized software metric Request Time, MRestij refers to normalized software metric Re-
sponse Time, MRegsij represents normalized software metric Request Size, and Mgessij
is normalized software metric Response Size.

Considering different communication models, protocols, and patterns, as well as the
importance of the examined software metrics, certain elements of equation (6) (i.e., weights
or metric values) may vary in magnitude, including the possibility of being zero.

Since the weights inside the parentheses in equation (2) should be calculated only for
the edges and vertices belonging to the same community, the set of communities C and
binary variables Yjk are introduced:

1; if vertice i is in the community K
Yik = .
0; otherwise
wherei 2 V;k 2 C.
Equation (2) now becomes:

1 X X 1
Q:E (__ bij YikYjk a
k2C (i;j)2Ek 1;J2Vi

did;YikYjk) (7)

where L represents the sum of the weights of all edges of the entire network.
The nonlinearity YikYjk could be replaced by auxiliary binary variables Zjji, where
k2C;(i;J) 2 E:

- 1; if edge vertices I; J are in the community K
ijk = .
Y 0; otherwise

and inequalities:

Zijk Yk +tYyik Lk2Ci;jj2V ®)
Zijk  Yik:k2Cii2V;i;j2Vv )
Zijk Yixk2Cjj2V;i;j2Vv (10)

The condition (8) ensures that variable zjjk get the value 1 if both yjx and yjk have the
value 1, i.e. the edge (i;]J) is inside the community K if both vertices i and j belong to
the community K. Since based on condition (8), value of zjjk can be 1 if yjx and/or yjk
are equal to zero, the conditions (9) and (10) are introduced to prevent such solutions.
Furthermore, if for an edge (i; J) Zijk equals zero for all k 2 C, it indicates that edge
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(i; ) does not belong to any community; instead, it represents a link between two different
communities.

Additionally, the model also incorporates the concept of functionality. Functionality
can be defined as a set of capabilities allowable and actionable by the software system
[29]. Each functionality contains elements focused on a specific domain and should not
be mixed to maintain boundaries, reduce complexity, and ensure modularity. In a cell-
based software architecture, a single functionality can be represented by one or more
cells, forming the foundation for optimizing the software architecture. In addition, differ-
ent functionalities should not be organized in the same cell, allowing better separation of
concerns between cells. As a result, each cell can be independent and managed individu-
ally [1].

In addition to the already introduced parameters and variables, notation used for the
mathematical model formulation is as follows.

Sets
F C - set of functionalities s
Fi - set of vertices of I-th functionality, F; V, i2ec FI=3 2pcFI=V
Parameters
e — lower bound of the number of vertices in communities
Variabfes
1; if community K exists
Xk =
0; otherwise

The final mathematical model, taken from [5] and extended with constraints related

to functionalities, is listed below.

1 < 1
maxf(z) = = ( bij Zijk yTH did; zijk) 1D
k2C (i;j)2Ex i;J2Vi
s.t.
Zijk Yk TYjkk2Cii;j2Vv (12)
Zijk  VYik;k2Cii;j2V (13)
>
yik =112V (14)
k2C
Vik Xk;i2V;k2C (15)
>
Yik exik2C (16)
i2v
Vik +yjk Lk2Cji2F;j2Fpl&p 17
xx = f0;1g;k 2 C (18)
yik =F0;1g;k2Ci2V (19)
zijk = f0;1g;k2Ci;j 2V (20)

The objective function (11) represents the modularity measure linearized by replacing
YikYjk with Zjjk in (7) . Since this function should be maximized, the first addend in
parentheses will be as large as possible. Thus, the branches that have a greater weight
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will be within the same community, that is, the software elements with more frequent
communication will be in the same cell. Constraints (12) and (13) are related to lineariza-
tion. Constraint (14) ensures that each vetrex is assigned exactly to one community. The
constraint (15), the value 1 is set to Xy if some vertex is assigned to the K-th commu-
nity. Constraint (16) is related to the minimal number of vertices assigned to the existing
communities. Constraint (17) provides that vertices of different functionality cannot be-
long to the same community, i.e. only vertices of the same functionality can be in the
same community. Constraints from (18) to (20) are related to the binary restrictions on
the variables.

If necessary, additional constraints can be introduced. For example, although the pa-
rameter € defines the lower bound for the number of vertices in communities, an addi-
tional constraint can be added to specify a different minimum number of vertices for a
particular community. This allows for fine-grained definition of cell structure in specific
circumstances.

For example, if some of the software element should be isolated in a cell, a set of such
element V1 V and additional constraint can be included into mathematical model:

Vik +VYjk LKk2C;i2VIL;J2V;i&j 21)

Additionally, if some elements should be in the same cell, regardless the connections
between them, the mathematical model can be extended as follows.

G - set of predefined groups of elements

Vq - set of elements predetermined to be in the same cell, 4 2 G

Yik =Vjik, K2Cii;j 2Vy;,02G (22)
Vik +Yjk 1, k2C;i2Vyj2VnV, (23)

The constraint (22) ensures that the predetermined elements are in the same cell but allows
other elements to be assigned to that cell as well. If it is necessary to assign to the same
cell only the elements from q 2 G, constraint (23) should be included into mathematical
model.

3.1. Evaluation

For evaluation purposes, we have developed a software system related to a manufactur-
ing domain (e.g., mobile phone manufacturing). The software architecture of this system
is presented in Figure 3. Multiple software elements can be observed in the figure. The
system incorporates five microservices (i.e., inventory, product, order, notification, and
payment), as well as two monoliths (i.e., legacy and production). RESTful web services
are used for communication between software elements, while the JSON format is used
for data transfer. All software elements were executed within Docker containers, ensuring
their portability across various operational environments [32]. Considering that containers
are typically executed in isolation, we have created a virtual network for their communi-
cation (depicted as the comsis-network entity in the figure). Source code and installation
instructions are provided in the Data Availability Statement section.

In order to determine the intensity of communication between these software ele-
ments, a simulation was conducted using Apache JMeter to create performance testing
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Fig. 3. Software architecture of the examined software system

plans [34]. The testing included a random number of invocations, threads, and ramp-
up periods (i.e., delays) in communication, along with diverse input data sourced from
CSV files containing mock data. For simulation purposes, all elements ran on a computer
equipped with an Intel Core i7 (8th Generation) 2.00 GHz processor, 16 GB of RAM, and
a 512 GB SSD drive. The simulation ran for 120 seconds, generating 336,858 effective
interactions, which were then used to compute normalized software metrics. Table 7, lo-
cated in the Appendix, presents the effective interactions between software elements, total
and average values of software metrics, and their normalized counterparts. Based on the
normalized metrics, the communication intensity — also shown in Table 7 — was calculated
using equation (6), with each metric assigned an equal weight. The simulation test plan
and results are available in the Data Availability section. The optimized structure of the
solution can be graphically presented based on the results. Figure 4 presents the results
of the optimization of a manufacturing software system (e.g., mobile phone manufactur-
ing). The input includes defined Production and Purchasing functionalities. The Produc-
tion functionality comprises two monolithic applications (i.e., production and legacy)
and two microservices (i.e., inventory and product), while the Purchasing functionality
consists of three microservices (i.e., order, payment, and notification). Additionally,
the communication between these elements is specified (the weights of the edges in Figure
4).

Based on the performed optimization, the resulted solution includes three communi-
ties (named Community A, Community B, and Community C), each containing different
elements (see Figure 4). In the following text these communities will be referred to as
the Production Cell (Community A), Purchasing Cell (Community B), and Legacy Cell
(Community C).
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Fig. 4. Results of the optimization of a manufacturing software system

An additional observation pertains to the Legacy Community, which contains only
one element (i.e., the legacy monolith). A legacy software system is defined as a core
system that has been functioning correctly in production for decades [33]. Considering
the prevalence of legacy systems today, researchers are exploring approaches to migrate
these systems to modern architectures [3], [31], [43]. In the context of cell-based software
architecture, the legacy element is incorporated within a specific cell. From the optimiza-
tion model perspective, this is represented as an additional constraint that restricts the
particular cell structure:

Yiegk +Yjk 1L, k2C;j2V nleg (24)

where leg is the index of the variable corresponding to the legacy monolith. This con-
straint ensures that no other element can be in the cell containing the legacy monolith.

Another interesting observation pertains to the Cell Gateway component. While this
component is not explicitly represented in the mathematical model, it serves as the central
entry point for cell communication [1]. Therefore, we have included one gateway per cell
based on the optimal solution. The final software architecture is shown in Figure 5.

In order to validate the mathematical model, we conducted a series of experiments.
The evaluation considered three functionalities, with the number of elements varied. Each
element represents an instance of software architecture encapsulating specific features
(e.g., a monolith with multiple features, a microservice containing a single feature). Con-
sidering that these elements can vary in terms of their applied software architecture and
size, a software system can encompass numerous elements. Within this context, the first
functionality incorporated 40 percents of the elements, while the remaining elements were
equally divided between the other two functionalities. Taking into account that elements
cooperate with each other, each element has at least one connection with another element
within the same functionality, while up to 40 percents of elements have double connec-
tions within the same functionality. Finally, considering that all functionalities are part of
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Fig. 5. Cell-based software architecture based on the optimal solution

the same software system, two connections between elements from different functionali-
ties are also established. The elements previously discussed, such as the edges and their
weights (the intensity of communication between the elements - parameter bjj) are ob-
tained using equation (6), where the metrics values are randomly generated as explained
for the manufacturing software system. The lower bound of the number of vertices in
communities parameter € is set to 2.

All optimizations were performed solved using GLPK software on a laptop computer
equipped with 11th Gen Intel(R) Core(TM) i5 and 16 GB of RAM. The solving method
used in the GLPK software was Branch and Cut, with Gomory’s mixed integer cuts, MIR
(mixed integer rounding) cuts, mixed cover cuts, and clique cuts options.

The first experiment was conducted to determine whether the metric weights in equa-
tion (6) affect the grouping of the elements into cells. The optimization was performed for
a graph with 30 vertices and 38 edges in eight scenarios. In the first scenario, the weight
of all metrics is equal (0.2). In scenarios two through six, only one metric is considered
important to the decision maker. In the seventh scenario only the request and response
time metrics are important (with Wo and w3 equal to 0.5). In the last scenario, only the
request and response size metrics are important (with W, and ws equal to 0.5). The results
of the optimizations are given in Table 1, where the rows represent eight scenarios, and
the columns refer to three functionalities and the grouping of its elements.

Table 2 shows the results of the grouping when certain metrics are not important to the
decision maker. In the first five cases, the weights W1 to Ws from the equation (6) are equal
to zero, that is, corresponding metrics are considered irrelevant. In the sixth scenario, the
request and response time are not important (with W, and Wg equal to zero), while the last
scenario refers to the irrelevance of the request and response size (with W, and ws equal
to zero).
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Table 1. Grouping into communities depending on metric weights (important metrics)

Case f1l 2 f3

equal | £1,2,4,5,7,8,119F3,6,9,10,129 | T13,14,15,16,17,19,209F18,21g | 122,23,24,26,28,29,309%25,27g
wy | F1,592,4,7,8,119%3,6,9,10,12g |F13,16,17,20gF14,15,199F18,21g(F22,23,26,299124,28,309F25,27g
Wo 1,2,4,5,7,8,119F3,6,9,10,129 | ¥13,14,15,16,17,19,209F18,21g | 22,23,29,309124,26,28gF5,279
W3 1,2,4,5,7,8,119F3,6,9,10,129 |f13,16,17,19,20gF14,159F18,21g| 22,23,24,26,28,29,30g125,27g
wy | F1,592,4,7,8,119%3,6,9,10,12g | 13,14,15,16,17,19,20gF18,21g | 22,23,24,26,28,29,309F25,279
ws |F1,59F29F3,6,9,10,129F4,7,8,119|F13,209F14,15,16,17,199F18,21g| £22,23,24,26,28,29,309F25,279

wows| ¥1,2,4,5,7,8,119F3,6,9,10,12g | f13,14,15,16,17,19,209F18,21g | £22,23,24,26,28,29,309F25,279

waws | F1,2,4,5,7,8,119F3,6,9,10,12g | F13,14,15,16,17,19,209F18,21g | £22,23,24,26,28,29,30925,27g

Table 2. Grouping into communities depending on metric weights (irrelevant metrics)
Case f1 f2 3
1,2,3,4,6,8,10,11,129F5gT7g79g| T13,15,16,17,18,219F14,19,20g | T22,23,24,26,280F25,279129,309
£1,2,4,8,11973,6,10,12gF5,99F79|F13,14,15,16,17gF18,21gF19,20g| £22,23,24,26,28¢F25,279F29,30g
£1,2,4,7,8,119%3,5,6,10,12gF9g | F13,15,16,17gF14,18,19,20,21g |£22,23,24,26,28gF25,27gF29gF30g

£1,2,3,4,5,6,8,10,11,12gF7gF9g
£1,2,4,7,8,119%3,6,10,12gF5g19g
£1,2,3,4,6,8,10,11,12gF5gF7gfog

£1,2,4,5,9,119F3,6,10,12gF7,8g

f13,15,16,179F14,19,20gF18,21g
113,14,15,16,17,19,209F18,21g
£13,14,15,16,17,18,19,20,21g

22,23,24,26,28,29925,279F30g
£22,23,24,26,289F25,27gF299F30g
22,23,24,25,26,27,28gF29gF30g

£13,14,15,16,17gF18,21gF19,20g

£22,23,24,25,26,27,28gF29gF30g

Based on the clustering in Tables 1 and 2, it can be concluded that the metric weights
influence the resulting clustering. This effect is especially evident when comparing the
grouping results in the case of extreme importance of a given metric (w; = 1;i = 1;5)
and its complete irrelevance (w; = 0;i = 1;5). Although there are the same groupings
within individual functionalities, they differ at the level of the entire software. The only
exception occurs when multiple metrics are equally important (cases “equal”, WoWs, and
W4Ws in Table 1).

Since no optimal solutions were obtained for the 5-minute time limit in any case,
the quality of the obtained solutions was analyzed based on the gap relative to the LP
relaxation of the problem. The LP relaxation of the mathematical model (11)-(20) was
obtained by omitting the integer constraints (18)-(20). Figure 6 shows the modularity
values (the value of the objective function (11)) for the solution obtained after 5 minutes
of optimization, as well as for the LP relaxation solution. The first eight cases correspond
to those in Table 1, while the remaining seven refer to the cases in Table 2.

The average gap value is 4.8%. The smallest value of the gap of 0.7% is obtained for
the case when the weights W, and Ws are equal to 0.5, while the smallest refers to the
case when wj is equal to 1. It can be concluded that the obtained solutions are in most
cases close to, or in some cases equal to the optimal solution. The 5-minute time limit
was sufficient to obtain high-quality solutions, but not enough to finish the search of the
entire solution space.

To examine the dimensions of the problem that can be solved through optimization
and the robustness of the mathematical model, the next experiments were conducted for
the graphs whose dimensions are given in Table 3. The columns named vertices and edges
give the number of vertices and edges, respectively. In column L, the range of values of
the parameter L in 10 instances is shown.

Given that the model parameters are randomly generated, the mathematical model
(11)-(20) was applied to ten instances of each graph in Table 3. The execution time was
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Fig. 6. The modularity obtained after 5 minutes optimization and the LP solution

Table 3. Summary of data sets used in the experiments

Case|Number of verticesNumber of edges L
1 25 37 18.09-20.47
2 30 38 17.88-20.10
3 35 55 26.77-30.18
4 40 52 24.24-28.44
5 45 71 34.02-37.58
6 50 64 30.09-35.29
7 60 77 35.58-40.51
8 70 90 43.73-48.38
9 80 103 47.55-54.21
10 90 116 56.74-61.05
11 100 128 60.73-67.70
12 150 193 94.76-99.77
13 200 257 122.12-132.84
14 300 498 241.21-249.47

limited to 5 minutes. The average results are shown in Table 4, where the column Dim rep-
resents the number of vertices. The columns Number_of_cells and Max_cell_size represent
the average number of cells and the average maximal size of the cell within 10 instances.
The column Modularity shows the average modularity. The last three columns are related
to the gap relative to the solution of the LP relaxation: the average gap, standard deviation
and 95% confidence interval.

For the given 5-minute optimization limit time, it was possible to obtain a feasible
(integer) solution only for 25-50 vertices. Figure 7 shows the value of the gap in all the
instances of these six cases.

The largest gap was obtained in the second instance of the 45-vertices case, while the
smallest gap was obtained in the eighth instance of the 50-vertices case. However, regard-
less of relatively large gaps, the mathematical model showed robustness when looking at
the grouping of gaps within the same case (Figure 7).

Since an integer solution could not be obtained in five minutes for cases of 60 or more
vertices, the next step is to develop heuristics to solve larger-dimensional problems.
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Table 4. Average results of the optimization with limited time

Gap
Dim | Number of cells| Max cell size | Modularity | average(%) SD CI(%)
25 3.40 5.9 0.6596 26.37 0.0101 [25.65,27.10]
30 6.10 7 0.7932 13.2 0.0063 [12.73,13.64]
35 6.00 9.7 0.6368 30.9 0.0270 [28.93,32.79]
40 7.3 7 0.8377 10.5 0.0091 [9.85,11.15]
45 8.3 10.9 0.6041 35.7 0.0542 [31.78,39.54]
50 10.7 7 0.8359 11.9 0.0395 [9.07,14.73]
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Fig. 7. The gap between the solution obtained after 5 minutes and the LP solution

4. Heuristic Approach to Problem Solving

As discussed in Section 3, functionalities serve as the foundation for optimizing the cell-
based software architecture. Given that distinct functionalities should not be grouped
within the same cell and that each functionality can span multiple cells, the following so-
lution approach focuses on optimizing each functionality individually. By addressing each
functionality separately, complexity is reduced while preserving clear boundaries and en-
forcing the separation of concerns between functionalities and cells [1]. Consequently, the
following algorithms should be applied iteratively for each functionality, with the results
(i.e., modularities and identified communities) analyzed collectively to derive the optimal
architecture for the entire software system.

First, we will explain the auxiliary Greedy algorithm. The main idea of our Greedy
algorithm is shown in Figure 8. Using the Greedy algorithm, we increase the current
modularity by merging (uniting) selected communities. Let C be a set of communities,
and k; | 2 C"; k & 1. The new set of communities obtained by merging the communities k
and I, while leaving the other communities unchanged is denoted as Cy;. Let Q) represent
the modularity of Cyj.

Below is the pseudocode of our Greedy algorithm. First, for all pairs k;1 2 C® we
determine Cyj with modularity Qg (line 2-3) and determine the largest among them Qg
(line 4). If the obtained value is greater than the current modularity Q then the current
community C with modularity Q becomes Cys with modularity Qs (line 5-6). The de-
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Fig. 8. Cell merging process in the Greedy algorithm

scribed procedure is repeated as long as it is possible to improve the modularity Q (loop
1-7).

Greedy algorithm

Input: Graph G and set of communities C with modularity Q.
Output: New set of communities C® with modularity Q°.
Initialization C° = C and Q" = Q;

1: repeat

2 forallk:1 2 C%: k & | do

3: . Determine Cy; with modularity Qy;
4 Determine Qg = k;lg}gﬁ@_l Qi

5 if Qrs > Q' then

6: L QO = Qrs and c'= Crs;

7. until Q' & Q,s;

Print out C’ with modularity Q'.

Now, with the Destroy and repair algorithm, we increase current modularity by alter-
nately disassembling and merging cells. The pseudocode of the algorithm is given below.
The initial set of communities C , with modularity Q , is obtained by applying the Greedy
algorithm on the trivial set of communities C = ffig : i 2 V g (line 1). We randomly se-
lect two communities K and | (line 3), which we then decompose into individual vertices,
while the other cells remain unchanged (Figure 9). Let Cy denote the set of communities
obtained in this manner, with modularity Qy (line 4.).

OO ()
- O)
DL %

Fig. 9. Cell decomposition process in the Destroy and repair algorithm
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By applying the Greedy algorithm, the communities are reconnected, resulting in a
new set of communities C° with modularity Q° (line 5). If the new modularity Q° exceeds
the current best modularity Q , then the destroying and repair process was successful and
the set of communities C°, with modularity Q", becomes the new best (line 6-7). Other-
wise, the counter of unsuccessful attempts to destroy and repair is increased (line 8-9).
Since the process of destroying is stochastic (line 3), the described process of destroying
and repairing is repeated until the maximum number of consecutive unsuccessful attempts
Countmax is reached (loop 2-10).

Destroy and repair algorithm

Input: Graph G, Countyax.
Output: Set of communities C with modularity Q .
Initialization: C = Ffig : i 2 Vgand Q = Counter = 0.

1: (C ;Q )= Greedy(G;C;Q);
2: repeat

3: Randomly choose k;1 2 C ; k & I;
4: Determine Cy; with modularity Qy;
5. (C% Q") = Greedy (G; Cyi; Qui):
6: if Q' > Q then
7: ~ (C;Q)=(C%Q" and Counter = 0;
8: else

9; | Counter = Counter + 1;
10: until Counter = Countmax;

Print out C with modularity Q .

So, with the Destroy and repair algorithm, we alternately disassemble and assem-
ble the community structure in order to obtain a structure with as much modularity as
possible.

4.1. Evaluation of the heuristic

The heuristic algorithm was evaluated on the graphs given in Table 3. The average results
are shown in Tables 5 and 6. Table 5 contains the same elements as Table 4: the number
of vertices, the average number of cells, the average maximal cell size, the average modu-
larity, the average gap, standard deviation, and 95% confidence interval. Data on heuristic
execution times are given in Table 6: average time in seconds, standard deviations, and
95% confidence interval.

The detailed data for all instances of 14 cases are given in Figures 10 and 11. Figure
10 shows the gap values, while Figure 11 shows the time to reach the algorithm’s stopping
criterion.

Based on Figures 10 and 11, it can be concluded that the heuristic is robust. Changes
in parameters do not affect the quality of the solution or the time required to obtain it
when the heuristic is applied to graphs of the same dimensions.

Finally, heuristic was used to examine the impact of metric weighting schemes on
community structures. For that purpose, we have generated a new graph consisting of
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Table 5. Average results of the heuristic

Gap
Dim | Number of cells| Max cell size | Modularity | average(%) SD CI(%)
25 3.40 9.4 0.6596 26.37 0.0101 [25.65,27.1]
30 6.10 7 0.7932 13.18 0.0063 [12.73,13.64]
35 4.10 12.1 0.6730 26.93 0.0112 [26.13,27.74]
40 7.1 7 0.8399 10.26 0.0032 [10.04,10.49]
45 4.8 13.8 0.6840 27.13 0.0139 [26.15,28.13]
50 9 7 0.8311 12.40 0.0024 [12.24,12.58]
60 10 7 0.8916 6.84 0.0016 [6.73,6.96]
70 10 7 0.8988 6.66 0.0007 [6.61,6.72]
80 13.0 7 0.9179 5.19 0.0011 [5.11,5.27]
90 14.0 7 0.9148 5.84 0.0018 [5.72,5.98]
100 16.0 7 0.9313 4.39 0.0006 [4.35,4.44]
150 23.0 7 0.9545 2.89 0.0003 [2.87,2.92]
200 30.0 7 0.9656 2.18 0.0002 [2.17,2.2]
300 16 20 0.9354 5.56 0.0003 [5.55,5.59]
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Fig. 10. The gap between the heuristic solution and the LP solution

30 vertices and 38 edges. Using the Destroy and repair algorithm, we have solved 15
scenarios. Table 8, incorporated in the Appendix, shows first eight scenarios: 1. the weight
of all metrics is equal (0.2), in scenarios 2-6. only one of metric W1-Ws respectively have
the weight equal to 1, while the other metrics have the weight 0, in scenario 7 the weights
of w, and w3 are equal to 0.5, and in scenario 8 the weights of W, and Ws are equal to 0.5.
Table 9, located in the Appendix, shows the last seven scenarios: in the first five columns
only one metric is not important and have the weight 0, and in the last two columns, the
weighst Wo, W3, and Wq,W5 are equal to 0, respectively. In all seven cases the weights of
the remaining metrics are equal.

The community structures for given scenarios as well their modularity are given in
sub-figures in Figure 12 and their captions. The missing scenarios have the same commu-
nity structure as scenario W equal. However, their modularity differs from the modularity
of the w equal scenario due to the different weights of the edges. The modularity of the
missing scenarios: Ws = 1, wy = ws = 0:5, w; = 0, wy, = 0, w3 = 0, ws = 0, and
wy = w3 = O are: 0.717, 0.69, 0.663, 0.668, 0.671, 0.648, and 0.68, respectively.
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Table 6. Heuristic execution times

Dim |average(sec)| SD ClI(sec)
25 0.21 0.0170| [0.21,0.23]
30 0.22 0.0095| [0.22,0.23]
35 0.23 0.0261] [0.21,0.25]
40 0.24 0.0079| [0.23,0.25]
45 0.32 0.0301| [0.3,0.35]
50 0.31 0.0242| [0.3,0.33]
60 0.35 0.0262| [0.33,0.37]
70 0.43 0.0279| [0.42,0.46]
80 0.53 0.0581] [0.49,0.58]
90 0.79 0.0817| [0.73,0.85]
100 0.88 0.1056| [0.81,0.96]
150 2.48 0.1658| [2.36,2.6]
200 6.42 0.2716| [6.23,6.62]
300 59.88 3.8869|[57.11,62.67]
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Fig. 11. Heuristic solution finding times

It can be concluded that different metric weights influence the detected community
structures, as well as the values of modularity, even when the same community structure
is obtained. In the examined case, however, these differences are relatively small. The
standard deviation of modularity across all 15 scenarios is 0.022 (corresponding to 3.34%
of the average value), and the 95% confidence interval is [0.653, 0.677]. These modest
variations can be partly explained by the fact that the differences between the metric val-
ues—and thus the resulting edge weights—were not substantial. In cases where the edge
weights differ more strongly, the variations in modularity may become more pronounced
and potentially more relevant for decision-making.

5. Discussion and Conclusions

In this paper, the problem of grouping software elements into cells is addressed as a
community detection problem — an optimization problem whose goal is to find a set of
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Fig. 12. The community structures for given scenarios

communities such that the connections between nodes within the community are stronger
than the connections with other nodes in the graph. The elements of software are rep-
resented by vertices, communication between them by edges, and cells by communities.
Following this analogy, a corresponding mathematical model was formulated.

Our model leverages a diverse set of software metrics and their normalization to ac-
curately determine the intensity of communication, represented by the bj; parameter. By
employing a weighted sum approach, the model allows software architects to adjust met-
ric priorities based on the specific characteristics of the software system being designed.
For instance, in time-critical systems, higher weights can be assigned to Request Time and
Response Time, ensuring that performance-related factors take precedence. Conversely,
for data-intensive applications, greater emphasis can be placed on Request Size and Re-
sponse Size to reflect the importance of data exchange. Additionally, the model is flexible,
enabling the incorporation of additional software metrics and the customization of their
weights. This adaptability influences the granularity and composition of cells, allowing for
dynamic adjustments that align with evolving system requirements. As a continuous pro-
cess, this approach promotes optimal resource utilization while maintaining architectural
efficiency. The mathematical model formulated in this paper, in addition to determining
the clusters, enables experimentation with the importance of individual metrics.



