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This paper introduces the concept of a service colony, a novel architectural style for developing software systems. A service
colony organizes a system as a group of autonomous software services that cooperate to achieve its objectives. Each service
in the colony is responsible for implementing a specific functionality, interacting with other services and system users,
and making proactive decisions that influence its and the system’s performance, as well as the system’s topology and
interaction patterns. By enhancing the self-awareness and autonomy of individual components, this architecture fosters
greater decentralization, flexibility, modularity, and robustness. Experiments involving the reengineering of an open-source
system into a service colony demonstrate its ability to dynamically rearchitect and adjust performance in response to changing
user demands and usage intensity.

CCS Concepts: • Software and its engineering→ Distributed systems organizing principles.
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1 Introduction
The architecture of a software system defines its structure and behavior within the environment in which it
operates. Software system architectures evolve to meet changing customer demands. For example, enterprise
application architectures have evolved from legacy mainframe-based software systems and service-oriented
architectures (SOA) to microservices architectures (MSA) [1, 36, 47]. Cloud-based technologies accelerate this
transition by capitalizing on their scalability, flexibility, security, cost-effectiveness, and monitoring capabilities.
The challenges of modern software systems, however, concern the increasing complexity of managing distributed
architectures in highly dynamic environments. Despite changes occurring in its environment, a software system
must continue to operate reliably and efficiently, delivering its functionalities to its users. Therefore, it is desirable
to allow systems to adjust their structures and behaviors at runtime based on environmental changes to enhance
transparency, elasticity, resilience, and deployment management [17].
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Fig. 1. A typical self-adaptive system architecture [19].

Due to substantial investments alreadymade in software systems, manually migrating them to new architectural
styles is often infeasible. Automated enhancement of existing systems to meet current and future requirements is a
more reasonable and cost-effective alternative. However, ensuring continuous operation under varying conditions
often requires extensive human testing and supervision, leading to high costs for configuration, troubleshooting,
and maintenance of applications [8]. As a result, there is an increasing demand for automated management and
monitoring of distributed systems to reduce costs while ensuring their robustness and quality [7].
Self-adaptive software systems emerged to reduce uncertainty and complexity in dynamic operating envi-

ronments [8]. They aim to improve the system’s reliability, availability, flexibility, and performance [42]. A
self-adaptive system architecture is illustrated schematically in Figure 1. A self-adaptive autonomous software
system monitors its internal and external states, identifying when and how to reconfigure to manage new condi-
tions and dynamically adapt the software architecture at runtime [42, 65]. It has monitoring and decision-making
components, as illustrated in Figure 1, namely the system monitor and the action controller. The monitor compo-
nent observes the environmental changes [42, 44, 64]. Once a significant change is identified, the monitor triggers
the reconfiguration request. The action controller component identifies the required changes based on static rules
or dynamically identified interventions. Subsequently, the action controller can initiate the reconfiguration of the
system. Finally, the reconfigured system is deployed in the environment. Such self-adaptations are implemented
as a repetitive, ongoing process. Developing a self-adaptive software system is challenging due to conflicting
system goals, the need to monitor different quality of service (QoS) properties, and handle complex mechanisms of
adaptation and their effects [15]. Once developed, self-adaptive systems can perform self-configuring, self-healing,
self-optimizing, and self-protecting functions [19, 33].
With the increasing demand for microservice-based systems, introducing self-adaptive and autonomous

properties to microservices has attracted attention. The majority of studies focus on optimized auto-scaling in
cloud environments, particularly CPU and memory scaling [28, 62]. In contrast, certain studies on self-adaptive
microservice systems emphasize the monitoring and management of the adaptive control loop, as well as the
system’s self-healing properties. The predominant adaptation strategy is reactive adaptation, in which the
adaptation solution is applied when the problem occurs [17]. Although decentralized decision-making and
structural modifications can increase the system’s adaptability, the often practiced strategy in this space is a
top-down architecture with centralized monitoring and decision-making components [35]. This approach can
support the development of agent-based software systems with improved autonomy in individual sub-systems
while achieving the overall system’s goals [30, 31]. Furthermore, aspects relevant to edge computing and system
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execution in resource-constrained environments are essential characteristics of future software systems to
enhance the service qualities provided to end users [55].

However, these approaches do not address issues of architectural flexibility. Performance degradation may stem
from overloaded responsibilities or inappropriate service decomposition rather than from a lack of computational
resources [63, 68]. Adapting the architectural structure is necessary when services exhibit heterogeneous scaling
behavior. Components within a system may exhibit different demand growth rates, making uniform scaling
inefficient. For instance, a validation service may encompass both functional and security validation. Security
validation is often more computationally expensive and subject to higher variability. Decoupling such concerns
and optimizing them independently reduces resource waste and isolates performance variability. Moreover, system
workloads evolve dynamically due to changes in user behavior, feature additions, and seasonal demand patterns.
Structural adaptation enables systems to split services when increased concurrency or specialization is required,
and to merge services when traffic decreases, and inter-service communication overhead dominates. Although
microservice architecture improves modularity and scalability, they also introduce additional latency, coordination
complexity, and operational costs. Under low-load conditions, service consolidation can reduce network overhead,
deployment complexity, and monitoring costs. By enabling runtime adaptation of the architectural structure,
systems achieve elasticity at the architectural level, rather than solely at the resource level. This approach
improves fault isolation, mitigates cascading failures, supports continuous evolution, and improves overall cost
efficiency [63, 68].

Accordingly, this paper introduces the notion of a service colony, a software architectural style for developing
systems as groups of autonomous software services that cooperate to fulfill the global objectives of the overall
system, increasing the level of autonomy and intelligence of distributed (micro)services-based systems. Each
inhabitant service of a colony fulfills a specific part of the functionality of the overall system that the colony
implements. By following rules, either prescribed or acquired through learning, and by interacting with other
inhabitants, the services demonstrate a swarm-like global intelligence in adapting the individual services, their
deployment in the environment, and the configuration of communication links between the services and the
environment that ensures continuous, effective, and efficient performance of the system. Though individual
services may have different roles, no system components are envisioned to implement centralized control over
the overall system’s behavior and configuration. An inhabitant service of a colony can interact with other services
and the environment. Through interactions with individual services, the system interacts with its users to receive
tasks and return results, as well as with the hardware, software, and network infrastructure in which it is deployed,
to optimize the utilization of available resources. The interactions between the services ensure that complex
functions composed of the constituent services’ functionalities can be realized.
By monitoring both their behavior and environment, the inhabitants of a colony identify their own and the

overall system’s performance bottlenecks and resource constraints, and automatically adapt themselves and their
communication links to overcome these issues. Therefore, service colonies follow a proactive adaptation strategy,
taking corrective actions before problems occur. Consequently, a service colony monitors, adapts, and optimizes
its behavior through self-diagnosis and adaptations of individual components based on environmental conditions.
Thus, it self-manages and self-architects in a dynamic environment. Moreover, it is an autonomous, goal-oriented,
and goal-directed system that aims to enhance the quality of service provided to its users. In this way, service
colonies extend self-adapting software systems, reducing the need for the costly human interventions typically
required for continuous monitoring, troubleshooting, and application maintenance.
In this paper, we present a proof-of-concept of the effectiveness of service colonies. The evaluation focuses

on split, merge, and multiple split/merge scenarios, as well as the behavior of service colonies in resource-
constrained environments. Our experimental results indicate that service colonies improve response time and
memory utilization of the system.The benefits are particularly pronounced in resource-constrained environments,
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manifesting as improvements in throughput, average response time, adaptation efficiency, and memory consump-
tion. These results suggest that service colonies are well-suited for IoT and edge computing environments, where
computational and memory resources are limited.
The rest of the paper is organised as follows. Section 2 reviews existing service-based software architectures.

Section 3 presents the concept of a service colony. Section 4 discusses our proof-of-concept implementation,
self-adaptive description language of a service colony system, and reports experimental results. Section 5 explores
the potential benefits of service colonies and examines the challenges in developing software systems as service
colonies. Finally, Section 6 summarizes the contributions of the paper along with directions for future work.

2 Related Work
In this section, we review (micro)service-oriented architectural styles, self-adaptive (micro) services-based systems,
and self-adaptive approaches practiced in the domain.
Service-oriented architectures [1] and microservices [36, 47] are software architectural styles that describe a

system as a group of communicating services. Often, such a system identifies a primary service responsible for
communications within the system. When a system receives a request, it delegates the necessary functions to its
constituent services. While executing a specific functionality, a service can communicate with other services in
the system. The response to the user is provided by aggregating the results of potentially multiple service calls.
Service colonies relate to self-adaptive systems. Hence, a systematic review has been conducted to compare

the service colonies with existing distributed component/(micro)service-based systems. Relevant studies were
retrieved from the Web of Science1 and Scopus2 databases using the keywords “self-adapt*”, “software*”, and
“architecture”. The initial search yielded 1,496 publications. After successive screening and filtering steps, 21
relevant studies were identified.

A comparative analysis of reviewed studies is presented in Table 1. The characteristics presented in the table
describe the key architectural and functional properties of the proposed system. Next, we explain these character-
istics. A self-adaptive system is one that autonomously adjusts its behavior in response to environmental changes,
workload variations, or internal performance metrics without requiring external intervention. Decentralized
decisions imply that the control and decision-making are distributed across multiple components rather than
relying on a single centralized controller. The agent-based property refers to the availability of autonomous agents
that operate with local intelligence and collaborate to achieve global objectives. Operating at the application layer
indicates that adaptation and coordination mechanisms are implemented above the network layer. A learning-
based approach incorporates machine learning or data-driven techniques to improve the quality of decisions
over time continuously. Being proactive means that the system anticipates future conditions and takes preventive
actions instead of reacting to events. Split/merge actions refer to the ability of the system to dynamically divide
or consolidate services to optimize performance and resource utilization. Finally, generalizable denotes that the
proposed approach is not limited to a single use case but can be applied across different domains or scenarios.

The eight properties selected for comparison were derived from the reviewed studies. Each property represents a
functional or architectural criterion considered in multiple reviewed studies, ensuring that the comparison reflects
aspects that the research community has identified as relevant to self-adaptive service-based systems. Properties
present in all reviewed studies, such as the feedback loop for adaptation, and highly system-specific properties,
such as specific communication protocols and deployment infrastructure requirements, were excluded from the
comparison because they are not generalizable across the heterogeneous set of reviewed studies. Properties that
the service colony does not address, such as formal verification of adaptation correctness and efficiency, were

1https://clarivate.com/webofsciencegroup/solutions/web-of-science
2https://www.scopus.com/
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Table 1. A comparison of existing self-adaptive software systems.

Study Ref Self-adaptive
system

Decentralized
decisions Agent-based Application

layer
Learning
-based Proactive Split/ merge

actions Generalizable

[4]

[11]

MOSES [14]

SAFDIS [20]

S/T/A [27] N/A

SAMSP [37]

SASSY [41]

[46]

[51]

[52]

[54]

[59]

DySOA [60]

[61] N/A

EPF4M [63]

[68]

[2]

DARE [3]

[9]

[25]

[45]

Service Colonies

Addressed Partially addressed Not addressed N/A Information not available

also excluded from the comparison. These represent acknowledged limitations of the current work and constitute
open directions for future research, as discussed in Section 6.

The legend accompanying Table 1 clarifies the level of support each study provides for the evaluated character-
istics. A property is addressed by the approach if it explicitly describes, proposes, or implements the corresponding
characteristic. A property is partially addressed if it is considered or implemented to a limited extent. A property
is not addressed if it is neither implemented nor discussed as part of the corresponding approach. Finally, the
information not available label is used when insufficient details are provided on the property. This classifica-
tion ensures a transparent, structured comparison, facilitating the identification of strengths, limitations, and
research gaps across the reviewed studies. Consequently, the results reveal a clear gap in the application of agent-
based monitoring, learning-based systems, proactive decision-making, and operations support in self-adaptive
service-based systems.

Multiple similar approaches have been used for self-adaptive software development including adaptive service
meshes [12, 13, 43, 48], gossip-based systems [3, 56], decentralized MAPE-K [6, 50, 65, 66], and multi-agent
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systems [30, 46, 58, 61]. An adaptive service mesh is a self-managing communication layer for self-adaptive
systems that provides traffic management, observability, and security [29]. It typically collects traffic patterns,
detects security violations, security anomalies, and overloaded nodes, and performs self-adaptive actions such as
rerouting, circuit breaking [18], scaling services, and enforcing security policies. Both service colonies and service
mesh respond to runtime signals/messages and to policy-driven behaviors; for example, incoming message rates
are used for decision-making. However, service mesh primarily adapts network or data-layer behavior rather
than application decomposition.

Gossip-based systems use gossip (epidemic) protocols for data dissemination across nodes in the system [34, 56].
Gossip-protocol-based self-adaptive systems monitor data disseminated via the gossip protocol, analyze it,
and make adaptive decisions [3]. Typically, such systems trigger routing changes, resource scaling, workload
rebalancing, and data replication. Both service colonies and gossip-based systems avoid centralized control and
decision-making, relying on local interactions. The purpose of a gossip-based system is efficient dissemination
and failure detection to obtain eventual consistency [3]. At the same time, service colonies rely on explicit
re-architecting decisions to ensure the target performance guarantees.
The predominant technique for developing self-adaptive software systems is the MAPE-K control loop [15],

which organizes the system’s main activities via a feedback cycle that starts with relevant data collected from
the system environment. It monitors, analyzes, plans, and executes self-adaptive operations in the software
systems [21, 40, 44]. SASSY [41], MUSIC [26], and REACT [53] are example frameworks for software systems with
MAPE-K control loops in which all the data collection, analysis, and decision making are centralized. Adaptation
decisions are primarily based on stakeholder-defined, scenario-based policies and pre-defined QoS models [41].
In contrast, decentralized MAPE-K [6, 50, 65] employs distributed peer loops in monitor, analyze, plan, and
execute phases, and a knowledge model for self-adaptation across multiple domains (cloud, IoT, CPS) [50]. Both
decentralized MAPE-K and service colonies are feedback-oriented, with continuous monitoring, analysis, and
decision-making involving local knowledge and distributed loops. Moreover, existing patterns of regional planning
and hierarchical control [66] align with service colonies. Service colonies are a prescriptive architectural style,
whereas MAPE-K is a general control model used across domains. Furthermore, service colonies are based on
proactive structural changes.
Multi Agent Systems (MASs) [30] share many similarities with service colonies, including autonomy, goal-

directedness, and the ability to coordinate and negotiate. MAS is a broad engineering paradigm that employs
autonomous, interacting agents for complex distributed problem-solving, including autonomous robotics, the
smart grid, AI, and simulated systems, and widely uses game theory and cognitive science [30]. Service colonies
are MASs. They integrate MAS principles into a microservices architecture, with concrete runtime operations
like splitting, merging, and deployment-aware behavior. A service colony is a self-organizing group of services
that adapts through decentralized decisions and emergent behavior.
Furthermore, multiple studies employing specific architectural models for self-adaptive systems have been

reported in the literature. Rainbow [19] specifies an abstract architecture model to validate the system’s runtime
properties, evaluate them against a model of constraint violations, and perform global and module-level system
adaptations. An automated approach for managing a collection of autonomic systems is based on the concept of a
meta-manager that uses a parameterized adaptation policy [23, 24]. In this approach, a system is seen as composed
of multiple constituent systems. Each constituent includes a manager that keeps track of system metrics directly
related to the overall system’s quality-of-service objectives. Each manager selects actions to improve the system’s
performance. The approach employs a hierarchical control strategy that applies control theory to regulate system
behavior while outsourcing decision-making responsibility to individual meta-manager units. The self-adaptive,
requirement-driven approach for auto-scaling microservices [49] focuses on efficiently allocating resources based
on given requirements. Furthermore, auto-scaling is a highly specialized area in microservices and containerized
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application optimizations that optimize CPU and memory usage by introducing auto-scaling algorithms [28, 62].
These studies do not provide architectural adaptations.
Finally, state-of-the-art studies on self-adaptive systems focus on cloud-based services, such as IoT and

IaaS, rather than service-based software systems [67]. These approaches, which span across various domains
(robotic, IoT, communication, automotive, e-commerce), use centralized monitoring, pre-defined models, and
rule-based techniques [5, 35, 67]. Filho et al.’s systematic mapping study [17] showed that state-of-the-art
self-adaptive microservices-based systems focus on infrastructure layer adaptations [32, 39, 57] or multi-layer
adaptations [22, 37, 68]. The introduction of self-managing and self-architecting principles in software systems
could increase the sustainability of (micro)service-based architectures, motivating our own research.

3 Service Colonies
This section introduces the components and interactions that define service colonies. It provides a detailed
discussion of the structural elements of inhabitants, focusing on their adaptive mechanisms and how these
mechanisms support the dynamic evolution of the colony. Furthermore, the service colony concept is framed as a
self-adaptive software system.

3.1 Components and Interactions
A service colony is a system composed of interacting software services, referred to as inhabitants, that collaborate to
perform specific functions.These inhabitants are deployed in a distributed computing environment, such as a cloud
platform, edge computing infrastructure, or Internet-of-Things devices, enabling the system to operate across
diverse and decentralized resources. Depending on its design, a service colony can exhibit varying degrees of
decentralization in its control and decision-making processes. These range from fully decentralized configurations,
where individual inhabitants make autonomous decisions, to divisional or hierarchical structures, and even fully
centralized models. This flexibility allows service colonies to adapt to different operational contexts, balancing
scalability, responsiveness, and the complexity of coordination.
An inhabitant of a colony is an autonomous entity responsible for performing a specific functionality, or

service, within the system. Each inhabitant has distinct roles and capabilities, reflecting its responsibilities and
goals within the colony. Inhabitants aim to optimize their individual performance while contributing to the
overall system’s efficiency and quality of service. As self- and situationally-aware entities, they continuously
monitor their performance relative to their assigned responsibilities, service obligations, and environmental
conditions. Based on this awareness, inhabitants plan and execute actions to maintain or improve service quality.
These actions may include replicating themselves, migrating to a more performant compute node, splitting into
smaller entities, or integrating with inhabitants from another colony. Additionally, inhabitants can leverage
learning mechanisms, such as reinforcement learning or rule-based adaptation, to refine their operations and
decision-making based on prior experiences, enabling continuous improvement and adaptability.

An inhabitant interacts with other inhabitants and the environment by requesting services, providing services,
or engaging in collaborative activities. Interaction patterns in a service colony can range from simple, direct
message exchanges between two inhabitants to complex collaboration protocols involvingmultiple inhabitants and
environmental inputs. These protocols may include synchronous or asynchronous communication, negotiation
mechanisms, or coordinated workflows. Through these interactions, inhabitants coordinate their activities,
exchange information, and interface with the system’s users by processing inputs and delivering outputs,
ensuring seamless operation and functionality within the colony.
The environment of a service colony comprises its inhabitants, the computing infrastructure supporting

the colony, and the communication channels that enable interactions among them. Special components of the
environment are the users, who interact with the colony to accomplish tasks and functions. Users achieve
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(a) An example service colony.
(b) After merging Inhabitant 4 with In-
habitant 5.

(c) After splitting Inhabitant 7 from In-
habitant 3.

Fig. 2. Service colony adaptation process.

their goals by engaging with the colony’s interface entities and receiving the results of their requests. This
environment is inherently dynamic, as the state of its components and interactions evolves, and stochastic, due
to the unpredictable nature of user requests, network conditions, and resource availability.
The service colony has decentralized monitoring, with inhabitants acting as autonomous agents. In general,

there is no special inhabitant responsible for overall communication, monitoring, or dynamic adaptations. Instead,
each inhabitant can learn from its behavior and automatically initiate actions to adjust the system. Each individual
in a service colony can be (sub-)optimal, but collectively they aim to optimize the overall system performance.
Figure 2a shows an example composition of service inhabitants in a service colony. Arcs between inhabitants
indicate the links used to support communications between the individuals. Inhabitants can communicate with
other inhabitants, for example, via messages passing through communication links. Analytical messages and
behavioral messages are the two types of special messages sent to the environment. Each inhabitant can initiate a
change in the colony based on its analysis of itself and the environment using analytical messages. These changes
can involve an inhabitant splitting, merging with another inhabitant, or adding or removing communication links
between inhabitants. Furthermore, an inhabitant can send behavioral messages to the environment, indicating
its capabilities or limitations. Examples of behavioral messages include the availability of more resources to be
occupied by another inhabitant, delays in requests or responses, or the volume of data in requests or responses.

3.2 Inhabitants
An inhabitant is the core building element of a service colony system. It encapsulates a delegated service,
part of the functionality of the overall system, and monitors and proactively optimizes its performance. It is a
self-contained entity with a designated functionality that can be clearly distinguished from other inhabitants.
Inhabitants are autonomous agents that can act and react independently. Inhabitants have a dynamic state that
can change over time. The future actions taken by an inhabitant depend on its current state. Inhabitants can
share their state with other inhabitants in the colony. It is intended that an inhabitant frequently communicates
and delivers services to other inhabitants. Thus, the current state of an inhabitant can be influenced by the state
of another inhabitant in the colony and its behavior. Inhabitants are exploratory, and they can learn from the
environment and adapt their behavior based on their experience. Therefore, inhabitants can proactively adjust
the system based on their behavior. Each inhabitant has goals, making it goal-directed and goal-oriented. An
inhabitant attempts to accomplish these goals through its behavior and to optimize the individual and overall
system objectives via adaptive learning.
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Fig. 3. An example architecture of a service colony inhabitant.

Figure 3 depicts an example architecture of an inhabitant. Each inhabitant has a boundary and can send
messages to and receive messages from the external environment. The sub-modules of an inhabitant include
system functionality, communication, knowledge, and decision-making. These sub-modules communicate based
on their responsibilities to provide the functionalities of the inhabitant.
The communication sub-module manages all interactions of the inhabitant and serves as its entry and exit

point. Messages received from the environment, including those from other inhabitants, are captured by the
communication module and forwarded to the relevant sub-modules. Messages initiated by the inhabitant and
addressed to the environment are also routed through the communication sub-module for dissemination to
their recipients. Upon receiving a message, the communication module validates its content to determine which
sub-module is responsible for further processing. For example, functionality-related messages, such as requests
to perform a function, are directed to the system functionality sub-module. Messages concerning environmental
behavior are forwarded to the knowledge sub-module, while those pertaining to configurations and adaptations
of inhabitants are redirected to the decision sub-module. Messages sent to the environment are routed to their
intended recipients through the established communication links. Analytical messages can target individual
inhabitants, subsets of inhabitants, or all inhabitants within the service colony. Behavioral messages are delivered
to colony inhabitants based on the communication links within the topology of the colony.

The service colony has obligatory system functions distributed among its inhabitants. The system functionality
sub-module is responsible for executing the inhabitant’s delegated functionalities. Each inhabitant collaborates
with other inhabitants in the service colony to fulfill these obligations. After completing a delegated function,
an inhabitant responds to other inhabitants or users in the environment who have requested the result of the
function via the communication module. Additionally, it sends log data to the knowledge sub-module to collect
internal behavioral information.
Inhabitants monitor themselves and their environment. The knowledge sub-module builds the inhabitant’s

intelligence that aggregates the experiences of its monitoring processes. During initialization, an inhabitant
collects data related to the service colony’s structure and behavior. This information includes the total number of
inhabitants, their configurations, and initial behavioral data of inhabitants. During execution, data and experiences
stem from two sources. Functional data is collected from the system functionality sub-module. Additionally, an
inhabitant gathers behavioral and analytical data of the service colony via the communication sub-module. The
inhabitant does not accept all the data received from the environment. It filters data based on quality and relevance.
Furthermore, it tracks the data origin for the decision-making process executed by the decision sub-module.

Inhabitants can react to changes in their environment. They learn and take action based on their behavior and
the evolution of the environment. The decision sub-module handles these learning and decision-making functions.

ACM Trans. Softw. Eng. Methodol.

 



10 • Thakshila Imiya Mohottige, Artem Polyvyanyy, Colin Fidge, Rajkumar Buyya, and Alistair Barros

This sub-module depends on data provided by the knowledge sub-module. Learning is driven by data available in
the knowledge sub-module and by previous decisions made by the decision sub-module. An inhabitant can use
adaptive learning to dynamically adjust to the environment based on the current and past behavior of the system.
Data collected after implementing a decision is used as feedback for learning. The decision sub-module handles
two functions. First, if data from the inhabitant indicates a relevant behavior, it disseminates that message to the
environment via the communication sub-module, using behavioral messages. Second, it analyzes inhabitant and
environmental data to identify system operations, such as those relevant to rearchitecting the system, and actions
to improve performance. Such information is shared with other inhabitants in the colony via analytical messages.
Each inhabitant has objectives captured as collections of rules within the decision sub-module. These rules can
be updated dynamically via the interface provided to the decision sub-module. Therefore, during execution, new
rules can be added, while existing rules can be modified or deleted.

3.3 Adaptations
An inhabitant can replicate itself. For example, if an inhabitant experiences a high volume of requests and no
further optimizations are possible, it can decide to replicate itself to accommodate the increased workload.
A service colony can adapt its structure to the environment and optimize its communication patterns. Four

basic operations are needed to support such adaptations: merging two or more inhabitants, splitting an inhabitant
into two or more inhabitants, and adding and removing communication links between inhabitants. Two or
more inhabitants can merge to form a single inhabitant, for example, to simplify the communication structure
between themselves and the rest of the colony during a low system load. Alternatively, such joining can be
triggered to maximize resource utilization in the system, thereby reducing operational costs. A complex merge
of multiple inhabitants can be implemented as a sequence of atomic joins between pairs of inhabitants. That is,
two inhabitants merge in the first step. Then, another inhabitant joins with the previously merged inhabitant.
An inhabitant can split into multiple inhabitants via a sequence of atomic splits of one inhabitant into two
inhabitants to distribute its functionality and responsibilities among multiple system elements. Such splittings
can be initiated based on identified performance bottlenecks and resource-intensive functionalities that degrade
the quality of the service provided. Hence, it can split its functionalities to maximize performance, for instance,
by replicating those decomposed services that receive high request loads. Finally, an inhabitant can establish
direct communication links with other inhabitants, for example, to reduce current communication latency or to
identify peer inhabitants from which to request required services. Moreover, merging and splitting operations in
the system can add or remove communication links in the colony.

Figure 2b depicts the re-architectured system from Figure 2a after merging Inhabitant 4 with Inhabitant 5. This
operation leads to redirecting the communication links of Inhabitant 4 to and from the resulting Inhabitant 5′. An
example splitting of Inhabitant 3 is depicted in Figure 2c. In this case, Inhabitant 7 is split out of the Inhabitant 3
in Figure 2b, creating Inhabitant 7 and Inhabitant 3′. Hence, a communication link is established between the
resulting inhabitants. Inhabitants can use this link to request services from one another.
One can develop different strategies for deciding which adaptations to the system structure to implement.

Such strategies can result in the authoritative implementation of the intended adaptation or an adaptation
confirmed by peers, a group of inhabitants, or the entire service colony. Inhabitants execute authoritative actions
without requesting confirmation from other members of the colony. Alternatively, an inhabitant can negotiate
the intended splittings and joins with other inhabitants to ensure mutual agreement and maximal benefit for all
the negotiators.
Inhabitants can request confirmation from their peers in case the change affects them. For example, this

communication can follow an approach similar to the two-phase commit protocol [10]. If the change affects
a group of colony inhabitants, permissions for the change can be requested from the affected inhabitants.
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For instance, Inhabitant 5 in Figure 2a decides to merge with Inhabitant 4, and must obtain permission from
Inhabitant 3 since Inhabitant 4 has a direct communication link with Inhabitant 3. The execution of an adaptation
decision is initiated by sending a message to the relevant inhabitants requesting permission. Once these requests
arrive at the recipients, they validate the requested change. The validation is based on the knowledge stored
within the decision sub-modules. Once validated, the inhabitants reply with approvals or rejections of the change.
If the change is approved, the requesting inhabitant executes the change process. At the beginning of this process,
the inhabitant confirms the start of the change to the environment. After the inhabitant receives a confirmation to
start the process, it should not accept further adaptation requests until the current execution process is completed
and confirmed.Then, the inhabitant executes the change. After completing the change, it informs the environment
by sending the execution completion message. Then, other inhabitants update their configurations based on the
change that was executed. These updates can involve adding, removing, or updating links between inhabitants.
Figure 4 illustrates the scenario of merging two inhabitants, 4 and 5. In this case, Inhabitant 5 identifies the

need to merge and acts as the leading inhabitant of the change process. First, it seeks to get confirmation from
Inhabitant 4, the inhabitant it intends to merge with. Once Inhabitant 4 accepts the merging request, the next
confirmation request is sent to Inhabitant 3 to get approval to merge. If the inhabitants respond positively, the
merging process commences. After the merge process completes, the execution confirmation message is sent
to Inhabitant 3 to update relevant configurations. Figure 5 illustrates the sample communication sequence for
splitting Inhabitant 3 illustrated in Figure 2c. Inhabitant 3 requests to split from Inhabitant 5′ and Inhabitant 6.
Upon the acceptance of both requests, the splitting task is confirmed, and the splitting process is executed. After
successful splitting, a confirmation is sent to the inhabitants. Then, the relevant inhabitants of the colony update
their knowledge and links. If the inhabitant’s request to split is rejected, no further actions are taken, and the
communication ends.
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Fig. 4. Agreement for merging Inhabitants 4 and 5.

4 Implementation and Proof of Concept
A “Todo” item management application has been developed as a proof of concept prototype to validate the
effectiveness of service colonies.3 The prototype supports basic splitting and merging operations of inhabitants.

3https://github.com/thakshilad/ServiceColonyResources
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Fig. 5. Agreement for splitting between Inhabitants 3, 5′, and 6.

While a service colony, in general, is envisaged to support proactive decision-making by its inhabitants, for
simplicity, the prototype implements rule-based, reactive decision-making. A service colony can identify services
requiring splitting through comprehensive system data analysis. Once a split is confirmed, the service will be
automatically deployed on the appropriate server(s). During startup, the service would communicate with other
colony services, update the colony configurations, and begin handling service requests. To test the effectiveness
of the service colony concept, pre-deployed services (split and merged) were used instead of automated extraction
and deployment.
The Todo item management application consists of three services: Create Todo Item, User Registration, and

Inquiry. The Create Todo Item service creates and persists new todo entries, the User Registration service creates
and persists system users, and the Inquiry service performs a database search to retrieve a given todo item. A
message-routing service directs incoming requests to the appropriate service, maintaining a dedicated queue
of requests for each service. A separate tool, Request Generator, was developed to simulate user behavior by
concurrently sending messages to each service at controllable rates. During testing, the Create Todo Item service
and the User Registration service were always deployed as a single inhabitant of the colony on the main server.
The Inquiry service was designed to support merging with or splitting from this single inhabitant. Initially, all
three services were deployed on the main server as a single inhabitant, as shown in Figure 6a. This illustrates
a scenario in which an inhabitant implements multiple services. If this inhabitant decides to split, the inquiry
requests are handled by a dedicated inquiry inhabitant deployed on a separate server, as depicted in Figure 6b. If
the two inhabitants decide to merge, the system re-architects itself back into the configuration shown in Figure 6a.
The Inquiry service was chosen for split-off and merge-back operations because it involves querying data from
the database (retrieving stored items), whereas the Create Todo Item and User Registration services perform
only direct, lightweight database insertions. The split and merge operations were simulated by routing messages
between the main and inquiry servers, both of which were pre-deployed to test the service colony operations.

The following metrics were used to model and evaluate the adaptive behavior and performance of the service
colony:

• Response Time (RT) is the time it takes from when a user or request generator issues a request to the
system until it receives the corresponding response. The response time is measured for each request to
the Create Todo Item, User Registration, and Inquiry services.

ACM Trans. Softw. Eng. Methodol.

 



Service Colonies: A Novel Architectural Style for Developing Software Systems with Autonomous and Cooperative Services • 13

(a) Merged system. (b) Splitted system.

Fig. 6. Two service colony deployments.

• Average Response Time (ART) reflects the overall user-perceived latency of the system measured as
1/𝑁 ∑𝑁

𝑖=1 𝑅𝑇𝑖 where 𝑁 is the total number of requests.
• Adaptation Effectiveness (AE) measures the gain in average response time after restructuring the
system as follows:

AE =
ART before − ART after

ART before
,

where:

ART before = Average response time in the interval before adaptation, and
ART after = Average response time in the steady state after adaptation.

The adaptation effectiveness values are interpreted as follows:
– 𝐴𝐸 > 0 : effective adaptation—the restructuring reduces the average response time,
– 𝐴𝐸 = 0 : no impact—the restructuring does not affect the average response time, and
– 𝐴𝐸 < 0 : ineffective adaptation—the restructuring increases the average response time.

• Throughput (TP) is defined as 𝑁/𝑇total, where 𝑁 is the number of successfully processed requests and
𝑇total is the total observation time.

• Queue Size (QS) is the number of pending requests waiting in the service-specific request queue at time
𝑡. Adaptive decisions for merging and splitting use the queue size as a parameter.

• Incoming Request Rate (IRR) is defined as the number of requests arriving at a given service per
unit time. This measures the external load imposed on a service and serves as a property for adaptation
decisions. It is defined as IRR(𝑡) = 𝑁 (𝑡, 𝑡 + Δ𝑡)/Δ𝑡, where 𝑁(𝑡, 𝑡 + Δ𝑡) denotes the number of requests
arriving during the time interval [𝑡, 𝑡 + Δ𝑡], and Δ𝑡 represents the sampling interval (set to one second in
the experiments conducted in this study).

• Memory Consumption (MC) represents the amount of heap memory actively utilized by the Java
Virtual Machine (JVM) at time 𝑡. It is defined as 𝑇 (𝑡) − 𝐹(𝑡), where 𝑇 (𝑡) denotes the total heap memory
and 𝐹(𝑡) denotes the free heap memory at time 𝑡. Both quantities are obtained using the Java Runtime API.
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• Memory Gain (MG) quantifies the relative reduction in total memory footprint achieved due to restruc-
turing by the service colony compared to the baseline over the execution time window. Time weighted
mean memory usage, 𝑀̄ for the duration 𝑇 calculated as:

𝑀̄ =
1
𝑇 ∫

𝑀(𝑡) dt .

Memory Gain (𝑀𝐺) is calculated as:

𝑀𝐺 = 1 −
𝑀̄𝑠
𝑀̄𝑏

,

where 𝑀̄𝑠 and 𝑀̄𝑏 are the time weighted means of service colony and baseline/initial systems, respectively.
The values are interpreted as follows:
– 𝑀𝐺 > 0: Effective utilization—reduced memory usage compared to the baseline.
– 𝑀𝐺 = 0: No impact—no effect on memory usage relative to the baseline.
– 𝑀𝐺 < 0: Ineffective utilization—increases memory usage compared to the baseline.

4.1 Self-Adaptation Description Language for Service Colony
Modeling self-adaptive systems is inherently challenging due to uncertainty in their operational environments.
Self-adaptive capabilities further increase this difficulty because adaptation-related features are distributed across
multiple parts of the system. As a result, models often become tightly interwoven, making the system harder to
understand [38].
To address this complexity, several Domain-Specific Modeling Languages (DSMLs) have been proposed [16].

The Adapt Case Modeling Language (ACML) is one such DSML. It follows the Concern-Specific Modeling
Language (CSML) approach, which is built on top of the Unified Modeling Language (UML). ACML separates
concerns explicitly and provides dedicated constructs for specifying self-adaptive behavior [38]. Therefore, ACML
is adopted as the description language for service colonies.

ACML comprises two major components: the adaptation view, which is the structural model, and adapt cases,
which are behavioral models of the system. The adaptation view illustrates core components of the system
with sensors, effectors, adaptation properties, and knowledge, as a UML-like component view. A sensor is an
interface/class that enables the system to observe or measure relevant properties. An effector is an interface/class
used by the system to perform actions that change its state or the environment.
Figure 7 shows the sample low-level adaptation view of the service colonies, including sensors and effectors.

It contains three inhabitants, X, Y, and Z. The internal module structure is depicted only for the inhabitant X.
Both inhabitant Y and Z have a similar structure. Thus, for simplicity, only their interaction with the colony is
depicted in the figure.
The knowledge module is responsible for acquiring and maintaining information relevant to the colony and

its inhabitants. To support this role, sensing and context-awareness capabilities are embedded in the module,
enabling it to maintain an up-to-date view of both the inhabitant’s state and its operating environment. The
knowledge module maintains several categories of context information, including the runtime status of the colony,
the current topology of interconnected inhabitants, adaptation policies, Service Level Agreements (SLAs), and
adaptation history. This contextual knowledge is derived from data captured through a set of sensors embedded
in the knowledge module. Service colonies incorporate multiple sensor types to observe both operational and
structural conditions. The most fundamental sensor is the service load sensor, which monitors the incoming
request rate per inhabitant. Another key sensor is the performance sensor, which, in the implemented prototype,
measures queue size, i.e., the number of pending requests awaiting processing by an inhabitant. In addition, each
inhabitant continuously monitors its own operational status and contributes information about overall resource
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Fig. 7. ACML adaptation view: An example model for service colonies.

utilization within the colony, thereby acting as a distributed sensing entity. Moreover, the knowledge module
captures the changes in colony topology, policy updates, and inhabitant-level errors or failures.

The decision module functions as the adaptation effector and control unit, performing reasoning and executing
adaptive decisions. It is responsible for analyzing contextual information captured by the knowledge module and
triggering appropriate adaptation actions when required. Figure 7 illustrates a sample set of actions performed by
the decision module during runtime adaptation. The decision module performs a range of operations, including
identifying the need for adaptation, analyzing and forecasting load variations, assessing the impact of potential
changes, evaluating adaptation risk, planning the adaptation process, and requesting coordination or approval
from relevant fellow inhabitants when required. In addition, it is responsible for executing adaptation decisions,
validating against applicable SLAs and policies, and updating the knowledge module once the adaptation process
has been completed. These controlling functions lead to the selection and execution of adaptive decisions, which
are carried out through a set of adaptation effectors. The service colony architecture provides effectors to support
key structural and behavioral adaptation actions, including splitting, merging, replicating, activating/deactivating
inhabitants, and runtime reconfiguration of colony relationships and interactions.
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Fig. 8. Example ACML adaptation cases for service colonies.

The system functionality module is responsible for performing domain-specific business functionalities of the
inhabitant. Through this module, an inhabitant can provide one or more services that are exposed to external
users or other inhabitants within the colony.

The communication module manages the communication and message exchange between inhabitants and the
external environment. It acts as the interaction layer through which functional service requests and inhabitant-
related messages are transmitted. These may include business requests, adaptation-related notifications, and
other coordination information required for colony operation.

The adapt cases of the ACML model define how the system monitors its environment and the type of actions it
should perform in response. Examples of adapt cases are shown in Figure 8. It captures the logic for monitoring
and knowledge capture, predicting possible adaptive operations, performing impact analysis, and executing
adaptive operations via effectors.
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4.2 Experimental Results
Four test scenarios were conducted to evaluate the performance of the service colony with respect to the defined
metrics. The incoming request rate and queue size were selected as key parameters for adaptive decision-making
due to their ease of measurement and real-time availability.
The testing setup contains five Ubuntu servers and one MySQL database instance. Each server has 4 VCPUs,

16GB RAM, and a 30GB hard drive. The database instance has 4GB RAM and a 1GB hard drive. The service colony
logged its operations under different workloads, which were subsequently analyzed. The testing scenarios and
the results are discussed below.

4.2.1 Scenario 1: Splitting.

This scenario evaluated the performance of the split function of the service colony. The following three cases
are evaluated in this scenario:

Case 1: No splitting. All the requests are served from the main server (Figure 6a).
Case 2 : Splitting the Inquiry service at the IRR reaches or exceeds 1,000 requests per second (Figure 6b).
Case 3: Splitting the Inquiry service when the number of requests to be processed in the Inquiry requests queue

size exceeds 100 (Figure 6b).

Case 1 represents the behavior of the original software system, while Cases 2 and 3 simulate an inhabitant
splitting in a service colony under overload conditions.
Initially, all three services were deployed on the main server, as depicted in Figure 6a. To simulate overload

conditions, the request generator progressively increased the IRR from 1 request per second to 1,000 requests per
second for each service for all the cases. The selected IRR range and corresponding thresholds were determined
through empirical evaluation of the system. Within this interval, response time exhibited significant variation
as the workload increased. Beyond 1,000 requests per second, the system reached a saturation state in which
response time remained relatively stable despite further increases in IRR. Therefore, 1,000 requests per second
was chosen as the upper bound.

All services were subject to gradually increasing workloads to simulate server overload conditions. The Inquiry
service is latency-sensitive due to database lookups. Therefore, the service colony activates the splitting function
for the Inquiry service when either IRR or QS exceeds a predefined threshold. In scenario 2, the IRR threshold was
set to 1,000 requests per second, as this value corresponds to the saturation point of the system. In scenario 3, the
QS threshold was set to 100, based on empirical observations indicating this value as the onset of response time
degradation with increasing queue size. After the IRR reached 1,000 requests per second, the load was maintained
to keep the system saturated and prevent the services from merging onto a single server during the experiment.
Application response time was measured to evaluate the performance impact of the splitting function. In addition,
memory consumption was analyzed to assess resource utilization.

Figure 9 shows the response time analysis of the three services over time. While the Inquiry service does not
display a significant improvement following the splitting, both the Create Todo Item and User Registration services
experience a notable reduction in response time. This reduction is attributed to enhanced resource availability
after offloading the resource-intensive inquiry request processing. Furthermore, splitting based on queue size
marginally outperforms splitting based on response rate. Figure 10 depicts the total memory consumption for the
three cases. As expected, the total memory consumption by the system is negatively impacted since splitting
introduced an additional server to the system. In summary, the results reveal a seamless transition between the
two architectural configurations, both before and after splitting, accompanied by a considerable improvement in
response time.
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(a) Create Todo Item service.

(b) User Registration service.

(c) Inquiry service.

Fig. 9. Scenario 1: Response time analysis (splitting).
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(a) Case 1.

(b) Case 2.

(c) Case 3.

Fig. 10. Scenario 1: Memory consumption analysis (splitting).

Furthermore, a statistical analysis of the results was conducted based on the defined metrics: throughput,
average response time (ART), adaptation efficiency (AE), and memory gain (MG), and the results are depicted
in Table 2. According to the metrics’ definitions, higher throughput indicates better performance, whereas lower
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ART reflects improved system responsiveness. Additionally, positive values of AE and MG represent performance
improvements in the service colony compared to the baseline configuration. The comparative analysis confirms
that, in the splitting scenario (Scenario 1), the service colony architecture improves throughput, reduces average
response time, and yields positive adaptation efficiency for create-todo and register services. However, this
configuration adversely affects memory utilization, and the split service’s (Inquiry) performance may degrade.

4.2.2 Scenario 2: Merging.

This scenario tested the merging of inhabitants. Initially, the system operates in the deployment mode shown
in Figure 6b. After observing a low inquiry request rate, it merges its two inhabitants into one as depicted in
Figure 6a.

Throughout the experiment, the Create Todo Items and User Registration services maintained a constant IRR
of 20 requests per second. This controlled workload ensured that the server hosting these two services was not
overloaded when the inquiry service was merged back. A minimum stable workload was required to preserve
consistent system behavior. Based on the empirical evaluation, an IRR of 20 requests per second provided stable
performance. Therefore, this rate was maintained for both services during the experiment.
In contrast, the Inquiry service was used to simulate varying load conditions. Its request rate was gradually

reduced to emulate a decreasing IRR, starting from 1,000 requests per second and decreasing to 1 request per
second. An IRR of 1,000 requests per second was sufficient to overload the system. Accordingly, the Inquiry
service simulated a transition from high-load to low-load conditions by decrementing the IRR from 1,000 to 1
request per second. The queue size was not used in the merging decision in this experiment to avoid responding
to temporary queue fluctuations caused by decreasing IRR values. We analyze two cases in this scenario:
Case 1: Nomerging.Themain server runs one inhabitant that contains the Create Todo Item and User Registration

services. The Inquiry service is deployed on a dedicated server (Figure 6b).
Case 2 : The Inquiry service merges with the Create Todo Item and User Registration services and is deployed on

the main server (Figure 6a) when the request rate decreases to one message per second.
Case 1 simulates a software system with two services that do not support merging operations, while Case 2
validates merging functionality within the service colony. This scenario analyzes both response time and resource
utilization, comparing the performance of a system employing the service colony with one that does not, thereby
assessing the effectiveness of the merging function.
Figure 11 presents the results of the response time analysis. No significant impact on response time was

observed in this scenario. However, a substantial reduction in total memory utilization was noted, as illustrated
in Figure 12. The discontinuation of the inquiry server following the merging operation led to a decrease in overall
memory consumption by approximately 50%, as illustrated in Figure 12b. Furthermore, Table 2 shows positive
memory gains but negatively affects throughput, average response time, and adaptation efficiency relative to the
baseline service. Therefore, this experimental scenario demonstrates that resource utilization can be reduced
without adversely affecting system performance.

4.2.3 Scenario 3: Multiple Splitting and Merging.

In this scenario, we assessed the system performance under varying inquiry request rates to simulate the
dynamic runtime operation of a service colony. As a result of these fluctuations, multiple merge and split
adaptations occur during system operation.

As in Scenario 2, the Create Todo Items and User Registration services were maintained at a constant IRR of 20
requests per second to ensure stable behavior. In contrast, the Inquiry service IRR follows a wave-like pattern to
emulate real-world workload variations. Specifically, the rate begins at 2 requests per second, gradually increases
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(a) Create Todo Item service.

(b) User Registration service.

(c) Inquiry service.

Fig. 11. Scenario 2: Response time analysis (merging).
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(a) Case 1.

(b) Case 2.

Fig. 12. Scenario 2: Memory consumption analysis (merging).

Table 2. Summary of results.

Scenario Case Throughput ART AE MGTodo Inquiry Register Todo Inquiry Register Todo Inquiry Register

1
1 0.021 0.039 0.021 307870.760 83832.268 309059.331
2 0.053 0.024 0.053 45662.401 185200.552 45722.105 0.851 -1.209 0.852 -0.997
3 0.042 0.036 0.042 77873.044 96548.193 78243.879 0.747 -0.152 0.747 -1.155

2 1 0.019 0.020 0.019 35.614 112308.498 36.336
2 0.019 0.019 0.019 152.200 132198.792 155.248 -2.763 0.825 -2.774 0.352

3 1 0.019 0.007 0.019 16.791 141326.264 16.798
2 0.019 0.008 0.019 19.865 114015.614 20.028 -0.183 0.193 -0.192 -0.119

4 1 0.029 0.026 0.028 220557.237 273584.176 219514.829
2 0.052 0.029 0.052 141223.403 244031.893 140818.619 0.359 0.108 0.358 0.256

to 200 requests per second, then progressively decreases back to 2 requests per second, after which the cycle
repeats. Although empirical evaluation indicates that the system becomes overloaded at an IRR of 1,000 requests
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(a) Create Todo Item service.

(b) User Registration service.

(c) Inquiry service.

Fig. 13. Scenario 3: Response time analysis (splitting and merging).
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Fig. 14. Scenario 3: Inquiry queue size fluctuation

per second, the load variation range in this experiment was limited to 2-200 requests per second to reflect the
typical operating conditions rather than extreme cases.

The split adaptation dividing the inhabitant executing all three services into two separate services, as illustrated
in Figure 6b was triggered when the queue size exceeded 500. Conversely, a merge adaptation consolidating
the system into a single server, as shown in Figure 6a was triggered when the inquiry queue size dropped
below 50 requests. Since the request rate in this scenario was moderate, the queue size was selected as the
primary adaptation metric, as it directly reflects system congestion. The threshold values were determined based
on experimental observations of queue size fluctuations (see Figure 14). Specifically, the split threshold of 500
requests was chosen because queue growth becomes sharp beyond this point, indicating rapid load escalation.
The merge threshold of 50 requests was selected because the request rate effectively declined to near zero below
this level. During the experiment, merging and splitting were observed three times each. Response time and
memory consumption were analyzed in these two cases:
Case 1: The system is composed of a single inhabitant that implements all three services and executes on the

main server without performing merge and split adaptations (Figure 6a).
Case 2 : The system alternates between one and two inhabitant configurations shown in Figure 6a and Figure 6b,

respectively, as required, according to the described adaptation rules.
In this scenario, Case 1 represents the original software system, while Case 2 illustrates the behavior of the service
colony system. The response times and memory consumption were analyzed and are presented in Figure 13
and Figure 15, respectively. Although the Create Todo Item and User Registration services are not significantly
affected, the Inquiry service shows an improvement in response time, as demonstrated in Figure 13c. Furthermore,
the improvement in inquiry response time becomes more pronounced with each re-architecture cycle. The
average total memory consumption of the two-inhabitant system, shown in Figure 15b, is comparable to that
of the single-inhabitant system deployed on the main server, as depicted in Figure 15a. Therefore, this scenario
highlights that, during the continuous operation of a service colony involving multiple merging and splitting
operations, response time can improve while maintaining a similar overall average resource consumption.

4.2.4 Scenario 4: Limited Resources.

Scenarios 1 to 3 assume unlimited resources. In many real-world scenarios, resources are costly and, thus,
constrained. In Scenario 4, system performance was evaluated under limited resource conditions. The main server
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(a) Case 1.

(b) Case 2.

Fig. 15. Scenario 3: Memory consumption analysis (splitting and merging).

CPU was stressed using the Ubuntu stress tool to simulate resource contention for the system. In addition, each
inhabitant of the Todo application, implemented as a service colony, was started by limiting the Java Virtual
Machine (JVM) memory allocation. Furthermore, memory constraints were simulated by allocating memory
to arrays with 80 million entries. The response time of the three services and the memory consumption by the
system’s inhabitants were analyzed by allocating 32MB of memory per service. The memory allocation was
chosen as 32 MB due to the JVM memory requirements for starting the system. Hence, during the execution, a
total memory of 96MB was maintained across the system. These configurations were imposed to simulate the
limited CPU and memory, thus simulating resource-constrained environments such as IoT and edge devices.
In this scenario, the service colony system was evaluated both with and without the splitting adaptation.

Initially, the system was deployed with a single instance on the main server, hosting all three services within
a single JVM, with appropriate memory allocations. Since JVM does not support dynamic memory allocation,
upon reaching the splitting condition, the two inhabitants, one that implements the Create Todo Item and User
Registration services, and the other that implements the Inquiry service, were deployed on fresh servers with
the respective JVM memory allocations that maintain the necessary memory levels across the system. During
the experiment, a constant IRR of 500 requests per second was applied to each service. This rate was selected
based on empirical evaluations conducted under resource-constrained conditions, where an IRR of 500 requests
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per second was observed to produce a saturated system state. The splitting adaptation was triggered when the
inquiry request queue size exceeded 5,000 requests. This threshold is higher than in other test scenarios because
the system operated under resource constraints, leading to longer response times and consequently faster queue
growth.

As illustrated in Figures 16a and 16b, in the resource-constrained environments, the Create Todo Item and User
Registration services exhibit better response time when the system is split into two inhabitants. When split, the
response time of these two services increases linearly as more requests arrive, while it slows down substantially
when a single inhabitant supports all three services. In turn, the response time of the Inquiry service shows
a minor improvement when the system splits into two inhabitants, as depicted in Figure 16c. The processing
of an inquiry request, on average, is more resource-demanding than the processing of other services. Hence,
when three services are implemented as single inhabitant and are executed by single JVM, most of the allocated
memory is eventually consumed by processing the inquiry requests, decreasing the overall performance of the
system. When the Inquiry service is deployed on a separate JVM, the processing of the Create Todo Item and
User Registration services accelerates substantially. In general, the system performs better when more memory is
allocated. However, when the number of requests is overwhelming, this advantage gradually diminishes.
The memory consumption for the scenario is presented in Figure 17. Case 1 represents the original software

system, while Case 2 illustrates the behavior of the service colony system in a resource-constrained environment.
Figure 17a illustrates the memory utilization of the main server. The main server is almost saturated and utilizes
approximately 90MB of the total memory allocation, which is 96MB. In contrast, the implementation of service
colonies exhibits lower overall memory consumption despite the system being distributed across two servers, as
depicted in Figure 17b.
Furthermore, Table 2 confirms that under resource-constrained conditions (Scenario 4), the service colony

architecture exhibits themost favorable overall performance, achieving higher throughput, lower average response
time, positive adaptation efficiency, and memory gain. These findings indicate that the service colony architectural
style is particularly well-suited for resource-constrained environments.

5 Benefits and Challenges
This section examines the benefits of implementing software systems as service colonies, as well as the challenges
that may arise from such implementations.

5.1 Benefits
Both service-oriented and microservices architectures enable the identification of loosely coupled services that
can be deployed independently. These services can be designed, developed, and tested autonomously. Additionally,
containerization techniques allow these services to auto-scale in cloud-based environments based on performance
demands. Generally, self-adapting systems address specific domain requirements, resource optimizations, and
infrastructure adaptations by employing reactive error-handling functionality in pre-modeled scenarios [35, 67].
In contrast, service colonies are not constrained by pre-identified or pre-modeled scenarios. Instead, a colony can
proactively re-architect itself in a bottom-up manner through decentralized system analysis.
Consider an online shopping system developed as a service-based application. Assume that user registration

and shopping cart actions are developed as two separate services within the system. In December, due to the
festive season, the system receives a 100% surge in the volume of requests. During this high workload period,
shopping cart services can experience performance bottlenecks, for example, due to latency in the payment
handling process. A standard way to address this scenario is to increase resources for the entire shopping cart
actions service. If this system is implemented as a service colony, it can identify that the bottleneck is caused by
the payment transactions and split out this functionality into a new service. Subsequently, the colony can aim
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(a) Create Todo Item service.

(b) User Registration service.

(c) Inquiry service.

Fig. 16. Scenario 4: Response time analysis (limited resources).
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(a) Case 1 (one inhabitant)

(b) Case 2 (one inhabitant splits into two)

Fig. 17. Scenario 4: Memory consumption (limited resources).

to utilize available resources to scale the payment transactions, for instance, by replicating the new payment
service while keeping other shopping cart actions within the original service. These adaptations can drastically
reduce the operating costs of the system. Moreover, when the system experiences a low volume of requests, the
shopping cart actions and payment handling services can merge back to achieve a smaller system footprint. Note
that within a service colony, such splitting and merging happen automatically, reducing the costs of maintaining
the system.

In general, we identify the benefits of a service colony to be at least the following:

• Extension of microservices Service colonies extend the capabilities of microservice-based architectures by
inheriting their flexibility, resilience, modularity, optimized resource usage, and reduced operational overhead.
As the industry increasingly adopts microservice-based systems, service colonies align with this trend, offering
innovative options for engineering future software systems.
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• Enhanced flexibility By fostering interactions among individual inhabitants, a service colony ensures that
desired functionalities are delivered flexibly. For example, multiple inhabitants can deliver the same functionality
based on different service agreement levels or with improved performance by proactively scaling or migrating
the functionality to more productive compute nodes. In addition, each inhabitant can be developed, deployed,
tested, and updated independently.

• Proactive fault tolerance Each inhabitant in the service colony generates its own analytics and shares them
throughout the colony. The individual and collaborative analysis of this data supports effective predictions of
the system’s behavior, including potential future faults. Since the analysis is based on the runtime information
of individual services, it can be used to effectively monitor, predict, and proactively respond to environmental
changes and system faults. For example, in the proof-of-concept Scenario 1, each inhabitant independently
monitors its own request rate and queue size, predicts overload conditions, and initiates adaptation decisions
accordingly, without depending on a central monitoring agent to detect performance degradation and determine
appropriate adaptation actions, thereby enabling proactive fault tolerance.

• Continuous optimizationThrough continuous learning from operational data at the individual inhabitant
level, and consequently the entire service colony, progressively evolves into a self-optimizing system. This
process enables ongoing performance refinement, analogous to experimental scenario 3, in which inquiry
response time continuously improves across successive adaptive cycles.

• Goal orientation Both the service colony as a whole and its individual inhabitants have objectives and strive
to achieve them. Properties and threshold values at the System-wide and individual-inhabitant levels can be
defined within the system, as in the proof of concept. Hence, the system’s collaborative nature fosters iterative
improvements toward shared goals.

• Dynamic service composition The dynamic introduction and integration of services within a service
colony optimize system performance and resource utilization, seamlessly adapting to evolving demands and
environmental changes. In particular, as demonstrated in Scenario 4 in the prototype, where the system
operates in resource-constrained environments, the service colony can achieve positive adaptation efficiency
and memory gain with improved throughput and lower average response time.

• Heterogeneity A service colony hosts diverse inhabitants, each potentially utilizing different technologies
and implementations. However, adherence to standard communication protocols ensures effective data dissem-
ination throughout the ecosystem.
Consistent with the experimental scenarios, the splitting function operates independently because it represents
either the full or a subset of the original technical stack and, therefore, introduces no additional dependencies.
Similarly, the merging function can operate effectively within heterogeneous environments, provided that the
deployment server supports the technical stack required by the merging service.

• Scalability By integrating dynamic splitting and merging, the service colony enables individual scalability
based on performance metrics. It supports proactive decision-making and predictive scaling initiated by its
inhabitants, reducing maintenance costs and ensuring that resource allocation remains aligned with actual
system demands.

5.2 Challenges
The challenges associated with the design, implementation, and maintenance of service colonies are yet to be
fully understood and studied but we note below the challenges we identified while implementing and validating
our service colony prototype (Section 4):

• System complexity A service colony is a dynamic, complex system composed of interacting components.
Without hierarchical control or global coordination, even slight modifications to components and interaction
patterns can significantly impact the system’s overall behavior. This intricate relationship between low-level
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component behaviors and high-level system behavior complicates error identification and troubleshooting.
Additionally, if the splitting of inhabitants is not controlled, the colony can proliferate excessively, increasing
system latency. Although the system aims to optimize for latency, unnecessary adjustments can result in the
opposite effect.

• Verification and validation To verify the correctness of a system, it is essential to test it under different
conditions, for example, by simulating environmental changes. The distributed nature of a service colony
complicates this process due to the vast number of possible scenarios the system can execute. New tools are
required to simulate different workloads and environmental changes to test service colonies properly. Addi-
tionally, validating the correctness of system decisions before re-architecting is challenging due to the system’s
dynamic nature, which makes it difficult to predict outcomes and ensure stability in advance. Leveraging the
expertise of system specialists, the training of the decision-making process through the integration of machine
learning, evolutionary algorithms, and neural networks could enhance the verification and validation processes.

• Dynamic updates A service colony is a dynamic system. Adjustments within such a system can lead to
temporary unavailability of certain functionalities. Therefore, sophisticated mechanisms are needed to manage
these dynamic adjustments effectively, ensuring smooth operations during system re-architecting.

• Heterogeneity A service colony can host diverse inhabitants, each implemented using different technologies.
To support this heterogeneity, standard interfaces and communication protocols must be established. Moreover,
the integration of components implemented using different technologies complicates system development,
testing, and monitoring. Furthermore, such a heterogeneous system is more vulnerable to security threats.

• Persistence A service-based system relies on databases and data caching layers for information storage. These
components require non-trivial adaptations during the re-engineering of the system. Dynamic repartitioning
and redesigning of databases can lead to data replication, which may result in data inconsistencies. In contrast,
inadequate data partitioning may lead to performance bottlenecks during periods of high system load, ultimately
diminishing the overall performance of the service colony.

• System updates and change requests System updates are mandatory to comply with industry standards, and
customer change requests are inevitable. Implementing these changes in a distributed system is a complex task. A
robust system state management process must be in place to handle updates effectively. Automatically persisting
the system state before and after adjustments is essential for maintaining system operations. Additionally, a
service colony must be equipped with comprehensive mechanisms for the automatic deployment of services
resulting from the splitting of colony inhabitants and for managing continuous delivery and integration
pipelines.

• Re-engineering Existing systems that wish to benefit from the advantages of service colony architecture
need to be re-engineered accordingly. A systematic process for re-engineering software systems into service
colonies must be defined to facilitate the migration of legacy systems or existing service-based systems to this
new architectural style.

6 Conclusions and Future Work
This paper presented the concept of a service colony, an architectural style for developing software systems as
groups of autonomous, interacting software services. Each inhabitant service in a colony is driven by its aim
to deliver services to its users, either external users of the system or other inhabitants of the colony. Based on
their past performance and proactive observation of the environment, inhabitants can proactively decide to self-
replicate, split into multiple services, or join with other inhabitants to ensure high-quality service delivery. In this
way, the overall service colony system can adapt to changing workloads by either shrinking its footprint during
periods of low workload or scaling specific high-demand functionality during workload bursts. By performing
such adaptations, the system aims to minimize resource utilization while maximizing the quality of the delivered
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services over time. A service colony is a bottom-up complex system characterized by numerous interacting
components that induce system-level behavior. Consequently, service colonies aim to inherit the benefits of
complex system architectures, including resilience, robustness, adaptability, scalability, and distributed control.
We validated these qualities in a publicly-available study in which we measured the performance of a service
colony using a proof of concept. Furthermore, our experimental scenarios demonstrated that service colonies
yield improved outcomes, regardless of the effort required for system restructuring. Furthermore, it is feasible
to transition from one steady state to another without restarting the services while maintaining the system’s
performance.
The proof-of-concept presented in this study constitutes an initial step toward realizing the vision of service

colonies. While it demonstrates the feasibility of the proposed approach, further empirical validation is required
to substantiate the claims made in this paper. As a primary direction for future work, we plan to conduct
comprehensive surveys with industry practitioners and develop in-depth real-world case studies. These efforts
will enable us to evaluate the applicability, scalability, and practical relevance of service colonies in operational
environments. In addition, we aim to integrate the proposed model into a real-world application enriched with
more sophisticated learning and decision-making algorithms to assess its performance under realistic conditions.
Moreover, a systematic evaluation of the service colony and state-of-the-art self-adaptive systems remains an
important avenue for future research.
Another important research direction is to develop a comprehensive framework for automated service de-

ployment to address the current reliance on pre-deployed services. Designing and evaluating techniques to
automatically identify opportunities to split and merge services based on patterns of frequent versus infre-
quent execution in the system is another promising direction. Furthermore, assessing adaptation efficiency and
correctness remains an important direction for future research.

Additionally, exploring methods to establish communication interfaces—both between the inhabitants of service
colonies and between these inhabitants and system users—remains an important avenue for research. Furthermore,
integrating data analytics approaches to enable proactive decision-making, alongside designing and evaluating
various colony inhabitant architectures and their interaction principles, will be crucial for understanding their
impact on the system’s overall behavior. Through systematic experimentation and comparative analysis, we seek
to identify architectural configurations that maximize adaptability, resilience, and performance.
Acknowledgements. This work is partially supported by Australian Research Council Discovery Project
(DP220101516), “Embedding Enterprise Systems in IoT Fog Networks through Microservices.”
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