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1. INTRODUCTION

Mobile applications are software programs designed to run on mobile devices such as smartphones
and tablets, providing users with various services ranging from entertainment and social networking to
productivity and health monitoring [1], [2]. Mobile computing is distinctively affected by continuously
changing resource availability and user preferences. This property introduces a requirement for mobile
applications to be more adaptive to changes, which were not normally present in the relatively static desktop
world [3]. Self-adaptive software modifies its own behavior in response to changes in its operating
environment. The operating environment can be an end-user input, external hardware devices and sensors or
program instrumentation [4]. The ability to adapt autonomously and context awareness has informed many
mobile applications.

An adaptive mobile application (AMA) exhibits self-modifying behavioral characteristics. It does so
in response to dynamic changes in its operational environment. The operational contexts include user profile
parameters, end-user input modalities, hardware configurations, and sensory data streams. The context
information originate from the mobile device and external systems [5], [6].

There are numerous works, e.g., [7]-[11] dealing with adaptive systems in the context of mobile
applications. A number of systematic reviews [5], [6] also characterize dimensions related to AMA. Moreover,
there are studies [12]-[15] that highlight the importance of coordination among mulitiple AMA. However,
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there is a scarcity of published literature that incorporates the cooperativeness dimension to characterize
adaptive mobile apps. Our previous work [16] on cooperative AMA identified: structure of monitor-analyze—
plan—execute over a shared knowledge base (MAPE-K), domain, goals, context, triggers, aspects, coordination
and level of cooperation as the major dimensions that characterize the phenomena. Level of cooperation defines
the depth and nature of interaction between participating applications and has cascading effects on various
aspects of their collaborative behavior.

Classification schemes like taxonomies provide four key benefits for researchers and practitioners:
they facilitate knowledge sharing, help identify research gaps, and clarify interrelationships between factors
within a knowledge domain [17]. Additionally, these structured frameworks support informed decision-making
processes by providing systematic ways to organize and compare relevant information [18]. This study aims
to characterize the level of cooperative dimension in more detail to provide a validated framework to guide the
development of cooperative AMA.

The framework put forward in this study, presents a more detailed description of the discovered coarse
range of cooperative adaptation levels in [16]. It will refine the concepts, relationships and constraints
embedded in the levels of cooperation in formal manner, providing a guiding principles to follow for designers
and developers of cooperative AMA based on the constraints of the levels. The proposed framework will be
assessed through the application of a hypothetical use case scenario that demonstrates cooperative adaptation
mechanisms.

This paper is organized as follows: section 2 establishes the theoretical foundations and conceptual
framework underlying this research. Section 3 provides a comprehensive analysis of cooperation levels and
examines their implications for cooperative adaptation mechanisms. Section 4 presents a validation scenario
that demonstrates the applicability of the proposed framework through detailed case study analysis. The
empirical findings and evaluation results are systematically analyzed and discussed in section 5. Finally,
section 6 concludes the paper with a synthesis of key findings and identifies directions for future research
endeavors.

2. THEORETICAL BACKGROUND

Self-adaptability enables a system to adapt itself to changes in its execution conditions and user
requirements in order to achieve particular quality goals [6]. An AMA is a mobile application that has the
capacity to modify its structure and behavior at run time in response to changes in operational context without
major involvement from a user or human agent [6]. The operational context should be a well-defined set of
internal and external conditions that affect the defined performance of the mobile application. The context
considered can be user activity, device resources, environment and the internal state of the mobile application
[5], [16] An AMA uses the context and employs its adaptive mechanisms to implement an adaptive output
aligned with adaptation goals. Adaptive mechanisms are the computational processes, algorithms, or decision-
making frameworks within an AMA that enable it to dynamically modify its behavior in response to changes
in context [6]. While, adaptive daptive output refers to the specific, observable behaviors, actions, or
modifications produced by an AMA as a result of its adaptive mechanisms, tailored to the current user state
and context to enhance functionality or user experience [5]. These outputs are the tangible results of the
adaptation process, affecting the app’s interaction with the user or device resources.

An AMA ecosystem contains one or more AMAs that share a computing platform comprising a
common hardware, operating system, sensors and external computing elements serving a single user. They are
usually deployed in the same mobile phone device. The ecosystem comprises of AMAs that are aware of the
presence of at least one other AMA. This predicates that the AMAs have the possibility to share context and
operational context.

Cooperative self-AMA within an AMA ecosystem are defined as a collection of two or more AMAs
that demonstrate mutual awareness of co-existing AMA and exhibit coordinated collaborative behaviors to
optimize collective system performance. These applications achieve enhanced effectiveness through the
consideration and integration of adaptive actions performed by other applications within the ecosystem, rather
than relying solely on individual, isolated adaptive responses.

Two theories primarily inform our proposed framework of cooperation level for AMA. The first is
coordination theory that provides a lens to examine how different systems manage interdependencies. Malone
defines coordination theory as “a body of principles about how activities can be coordinated, that is, about how
actors can work together” [19]. Coordination theory identifies goals, activities, actors and interdependencies
as the major components of coordination in various disciplines. The theory further relates the identified
components of coordination processes, namely; managing shared resources, managing task decomposability,
producer-consumer relationships that are integral to the coordination phenomenon.

The second theory is cooperation theory, which a broad theory is based on the tenant that individuals
and groups working together with shared goals achieve better results than those that are based on competition.
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502 a ISSN: 1693-6930

There are numerous works discussing cooperative theory in various fields including management, economics,
education and biology. The work in [20] denoted that cooperation resulted in more productivity. The core
principles behind this cooperation theory in the field of management are interdependence, mutual benefit,
shared goals, trust and communication and positive relationships [21]. The concepts of cooperation theory
manifest in this study through:

— Actors: these are individual AMAs.

— Interactions: there are different possibilities in which individual AMA can interact with each other. It can
be a direct peer to peer interaction, an interaction facilitated by an intermediary or a hybrid mechanism
that allows for direct and managed interactions.

This study draws upon concepts from multi-agent systems (MAS) within the field of computing. MAS
are based on automomous agents that are capable of perceiving their environment, making independent
decisions, and acting to achieve goals. An MAS comprises a collection of agents that interact within a defined
environment [22]. These agents facilitate information exchange via a designated communication channel, and
they often cooperate to proficiently address a shared problem. The field of MAS addresses fundamental
questions about how autonomous entities can coordinate, cooperate, compete, and negotiate in complex
environments [23].

In management science, cooperative behavior has been extensively examined through rigorous
theoretical and empirical research frameworks [24], [25]. Similarly, the field of MAS has developed substantial
literature addressing how multiple autonomous agents interact and collaborate to solve complex computational
problems [23], [26]. However, within the domain of computing, and particularly in the context of self-adaptive
systems and AMASs, cooperative behavior remains significantly underexplored in the existing literature.

Mobile applications operate in dynamic environments. They must constantly adapt to changing
networks and resources. Current research, however, focuses on individual adaptation. It overlooks cooperative
strategies among competing applications. This is a critical gap on devices with shared resources. This paper
introduces a validated taxonomy for cooperative adaptation. The taxonomy defines application interaction
levels, from isolation to full collaboration. It provides practical guidance for developers. We validate the
taxonomy through mathematical formalisms and an application of a hypothetical use case scenario that
demonstrates cooperative adaptation mechanisms.

3. METHOD

Level of cooperation between AMA can be considered as fundamental determinant that shapes
cooperative adaptation in mobile applications. It qualifies the intensity, scope, and sophistication of
collaborative interactions among AMAs. It is predicated in the assumption that cooperation is not a mere binary
concept limited to presence and absence of the act. A higher level of cooperation is related to greater
information exchange and more integrated adaptive actions. Trust, user preference, security requirements and
task complexity affect level of cooperation.

Our previous work in [16] introduced a cooperative adaptation continuum that delineated a range of
cooperative adaptation approaches, organized by their level of cooperation as illustrated in Figure 1. This
spectrum initiated with a “None” category, signifying the absence of cooperative adaptation. Progressing along
this continuum, the study identified “Decentralized Adaptation” and “Abstraction of Adaptation Concepts” as
subsequent stages. Further levels of complexity included “Multi-Device and Distributed Adaptation,”
“Recognition of Other Adaptive Applications,” “Context Sharing and Management,” and “Conflict
Resolution.” The spectrum culminated in “Global Goal,” representing the most integrated form of cooperative
adaptation observed.

We have adapted and refined the cooperative adaptive continuum in Figure 1 to propose a qualitative
level of cooperation to guide cooperative adaptation in mobile applications. The classification system is based
on a taxonomical framework grounded in seven principles as illustrated in Figure 2.

a. Level of awareness: this indicates the degree of awareness of other AMA in an ecosystem. AMA can be
completely unaware of each other, aware about functional capabilities of other AMA, aware of adaptive
capabilities,

b.  Autonomy: the degree of independent decision-making authority retained by individual AMA. It is
considered as an important dimension in MAS that is related in many aspects to AMA [27]. A complete
autonomy signifies AMA making adaptive decisions independently without consideration to the self-
adaptive capabilities of other AMA. A moderate level of autonomy enables an AMA to participate in and
be influenced by other AMA in the decision-making process concerning its own adaptive mechanisms.
In low autonomy AMA operate under a significant external control from other AMA.
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Figure 1. Cooperative adaptation continuum

Level of Awareness
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Minimal, Intermediate, Extensive.

Information Sharing

None, Minimal, Selective,
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Goal Alignment

Orthogonal, Conflicting, Partial,
Shared

Figure 2. Taxonomical framework for levels of cooperation in AMA

c. Information sharing: the extent, frequency, and nature of information exchange between AMA in the

AMA ecosystem [28]. It can refer to the following instances:
None: no information is exchanged among AMA

—  Minimal: basic information sharing about the functional capabilities.
—  Selective: sharing of non critical contextual data.
—  Considerable: sharing of contextual data.
—  Comprehensive: extensive data sharing including the context, adaptive capabilities and mechanisms.
—  Complete: full transparency with complete knowledge followed by real time synchronization of

adaptive knowledge.

d. Duration of cooperation refers to the temporal scope of an AMA cooperative behavior. This duration can
be categorized into three distinct levels:

—  Short-term interactions are brief, lasting only a few seconds. These are typically for sharing basic
contextual information and do not require the preservation of historical data.

—  Medium-term interactions involve cooperation specific to an adaptive action. This level necessitates

the logging of interaction data for subsequent analysis and reference.
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—  Long-term cooperation represents a persistent relationship between AMAs. This enables continuous
collaboration and facilitates the learning and evolution of shared adaptive mechanisms over an
extended period.

—  The temporal dimension also can specify for adhoc, event driven, periodic or continuous
interactions.

Engagement mode: it captures how AMA initiate, respond to, and manage cooperation. Cooperations can

be reactive that respond to cooperation request and environmental triggers or they can be proactive

cooperation that are anticipatory and goal driven.

Goal alignment: this describes how the adaptive objectives of AMA relate to each other. Cooperating

AMA can have:

—  Orthogonal goal alignment: AMA persue independent adaptive goals.

—  Conflicting goal alignment: one AMA’s adaptive goal impedes another’s goal achievement.

—  Partial goal alignment: have some overlapping adaptive goals.

—  Shared goal alignment: AMA have common aligned goals and success is measured collectively.

Scope: it captures the breadth, scale, and boundary characteristics of AMA interactions and coordinations.

It is assumed that AMA share a common computing platform in the mobile device of a particular user.

The user’s profile and behaviour are also shared by the AMA. The scope of cooperation can be minimal,

intermediate or extensive. In minimal cooperation AMA don’t have any common adaptive goals and the

majority of cooperation revolves around sharing context information. The adaptive mecahnisms of an

AMA have little impact on the adaptive mechanisms of another AMA. In intermediate cooperation scope

AMA have the opportunity to impact each other in a limited capacity in a selected common adaptive goal.

Information about context and adaptive strategies are shared among AMA. In an extensive scope of

cooperation in AMA. In an extensive scope cooperation two or more AMA are involved in a deep

coordination in a selected adaptive goal or they are involved in cooperation in large number of respective
adaptive goals.
The taxonomical framework systematically informed the construction of a taxonomy delineating

cooperation levels within cooperative AMA. The resulting taxonomy encompasses seven distinct levels of
cooperation, each characterized by specific behavioral and structural criteria. Figure 3 presents the complete
taxonomical structure, while the corresponding classification criteria and theoretical foundations are elaborated
in the subsequent discussion.

Aware at Functional

Conflict resolution
level

LEVEL 6

LEVEL 3 LEVELT
Integrated Goal

Context Sharing

Figure 1 Taxonomy for cooperation levels of AMA

Level 0: independent-AMAs are unaware of each other and implement self-adaptation independently.

It is characterized by the absence of communication mechanisms (both adaptive and non-adaptive), lack of
context sharing capabilities, and no coordinated adaptive actions among participating applications.

Level 1: aware at functional level; at this level, AMAS recognize each other’s existence and functional

capabilities, but lack awareness of adaptive mechanisms, preventing cooperative adaptation.
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Level 2: passive information sharing; AMAs are aware of each other’s existence and may passively
share some basic, non-critical contextual information (e.g., presence, general capabilities). They operate at a
complete autonomy.

Level 3: context sharing; AMAs react to explicit requests or offers from peers for sharing context
information. The relationships between them are usually transitory. They share selective or considerable information
about each other’s adaptive mechanisms. There is an opportunity for partial alignment of adaptive goals.

Level 4: collaborative learning; this involves a more committed relationship of context information
about not only contextual information regarding to the environment but also adaptive mechanisms of individual
AMAs. This can enable a consolidated view of context not available to each AMA at a particular time and the
chance to optimize adaptive mechanisms.

Level 5: conflict resolution; this level necessitates a greater level of cooperation compared to context
sharing and utilizes available information to address situations where adaptive actions from AMASs counteract
each other. AMA in this level can have either active or proactive mode of engagement. Moreover, the level
requires a medium to long term duration of cooperation. The adaptive action of an AMA can result in the
imminent or possible undesirable context state of another AMA. It also deals with the cases where Adaptive
actions of one AMA counteracts the effects of another AMA.

Level 6: complementary adaptation; AMAS engage in proactive coordinated adaptive actions. They
align their adaptive actions in a manner that is beneficial to the whole ecosystem by collaboration and
coordination of their adaptive mechanisms. This can involve negotiation, role assignment and synchronized
actions. This level of cooperative adaptation entails the use of ontology models that provide shared, formal,
and machine-interpretable representation of knowledge, allowing diverse AMAs to understand each other’s
context, capabilities, intentions, and tasks, which is foundational for this level of cooperation [29]. AMASs could
also pool their adaptive mechanisms I (e.g., context sensing and reasoning engines) to execute more effective
and efficient adaptation [30]. This includes the potential of combining models for AMASs that base their analysis
and planning of adaptation on ML. The AMAs that are cooperating at complementary adaptation level should
be have the ability to:

— Anticipate needs: understand and predict situations where another AMA’s advantage in engaging in
cooperation formulate sub-goals for the specific cooperation need.

—  Negotiate: agree on adaptive task allocation and dynamically determine “who will do what?” in the
collaboration.

— Synchronize actions: coordinate the timing and sequence of adaptive mechanism that guarantee
cooperation.

—  Maintain a shared understanding: keep consistent view in regards to the identified sub-goals making
reliable updates spanning the cooperating AMAsS.

Level 7: integrated goal; this is the apex of cooperation level where AMASs act as a cohesive unit to
pursue an overarching goal. This involves complex planning, unitary understanding of global context. Each
AMA loses significant portion of its own independent adaptive mechanism for global benefit. AMAs work
together to maintain a global goal of adaptation and synergistically combine their adaptive mechanisms to
optimize the global view of the overall system. A process of unified data collection and sensor fusion is the
first step for an ecosystem at this level of adaptive cooperation. Explicit data, implicit data and contextual data
are the major data types collected across the AMAs in this level. The collected raw data should be processed
and inferred to generate higher-level attributes. The temporal and spatial aspects of all data should be
established by discovering relationships at a larger scale. Advanced data processing techniques and machine
learning (ML) algorithms are utilized to accomplish this objective. A dynamic model for each for each
identified goal is constructed and refined during the uptime of the AMA ecosystem. The models can be stored
in accessible format that enables the updating of models by AMAs. These models are used to formulate more
stable global models that characterize the user’s interactions with the AMAs. We can leverage the global
models to propose coherent adaptation by the AMAs in the level.

Overall, the proposed taximony intends to delinate the evolutionary stages of cooperative behavior,
from independent adaptation mechanisms to sophisticated consolidated goal, thereby providing a
comprehensive classification scheme for understanding the spectrum of cooperative adaptation capabilities
within mobile application contexts. Table 1 summarizes the major characteristics of each identified levels. To
assess the theoretical validity and practical applicability of this taxonomy, section 4 evaluates its constructs
through case studies of two AMAs-ethio-djibouti railway application (EDRapp) and Jirtaa employing
descriptive analysis and mathematical formalizations to demonstrate how their adaptive mechanisms and
outputs align with the proposed levels.

Taxonomy of cooperative adaptation level for cooperative ... (Berhanyikun Amanuel Gebreselassie)
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Table 1. Comparison of cooperation level in AMA
Awareness of . Adaptlye Conflict Goal Duration of
Level Name Context sharing mechanism - . - -
other AMAs sharing resolution alignment relationship
0 Independent None None None None None None
1 Aware at Presence and None None None None None
functional level basic
functions
only

2 Passive Presence + Basic, non- None None None None

information general critical, passive
sharing capabilities
3 Context sharing Full presence Selective or Explicit Partial None Short term
+ adaptive substantial request/offer disclosure of
mechanisms sharing adaptation
logic
4 Collaborative Full + deep Environment + Committed, None Indirect Medium-
learning insight into adaptive ongoing (better term
adaptation mechanisms sharing individual
logic models)
5 Conflict Full + impact Full relevant Full Active Local goals Medium- to
resolution awareness context disclosure detection preserved, long-term
where needed and conflicts
resolution avoided
(reactive or
proactive)
6 Complementary Full + Full context + Full Proactive Strong Long-term,
adaptation intentions pooled disclosure + prevention + alignment of dynamic
and mechanisms pooling resolution sub-goals for
capabilities (sensing, ML ecosystem
models, benefit
reasoning)

7 Integrated goal Complete Unified sensor Complete Systemic Single Permanent
unity (act as fusion and merging of prevention overarching during
single entity) global context adaptation global goal ecosystem

logic lifetime

4. RESULTS AND DISCUSSION

This section presents a preliminary evaluation of the proposed taxonomical framework through the
application of case study descriptions and mathematical formalizations. The evaluation methodology employs
both descriptive case analysis and formal mathematical representations to assess the taxonomy’s theoretical
validity and practical applicability within the domain of AMA.

This preliminary evaluation examines two hypothetical AMA that demonstrate distinct adaptive
mechanisms within transportation and educational domains. The EDRapp is an AMA that leverages multi-
dimensional context monitoring to enhance the passenger experience. It tracks temporal, spatial, ambient, user
profile, and device-specific data (e.g., connectivity and power) to dynamically adapt services throughout the
travel journey. EDRapp intelligently manages resources by adjusting the user interface (Ul) based on battery
levels and network quality, and it proactively downloads data in anticipation of network blackouts. The
application also provides personalized features, such as seat recommendations based on user states like fatigue
and noise preferences.

The second AMA, lJirtaa, is a pedagogical, self-adaptive mobile system designed to teach the Afan
Oromo language widely spoken in Ethiopia. The system uses a mobile device’s sensors to provide contextually
relevant educational content. For example, it can generate location-specific lessons, such as vocabulary related
to water bodies when the user is near a lake. Jirtaa’s interface also adapts its modalities based on the user’s
activity, environmental conditions, and the device’s connectivity status, ensuring a personalized and effective
learning experience.

Both applications are used to demonstrate the taxonomical framework’s applicability across diverse
domains while illustrating varying degrees of context sensitivity, adaptive granularity, and external service
integration capabilities. We used mathematical formalism in tandem with the use cases of cooperations between
the EDRapp and Jirtaa to evaluate the taxonomy for level of cooperation between different AMA.

The subsequent formalism employed for evaluation purposes is predicated upon the following
foundational notations. Let:

A= Ay A, .. A, 1)
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Be a finite set of n > 2 mobile applications deployed in a shared computing infrastructure utilized by a single
user.

Let C(t) represent the shared contextual state vector at time ¢ under a common schema of context
information described for A. Since, the applications reside on the same device, they have access to a common
set of context parameters. This vector comprises a set of measurable environmental and internal conditions,
such that:

C(t) = (cr(®), c2(0), - Em (D)) O]

is driven from [31] where c;(t) is the value of the j-th context parameter at time t, and m is the total number
of context parameters relevant to the applications in A.
Let C;(t) be the context relevant to application 4;. We define,

G(t) € C@®) ®)

meaning that each application uses a subset of the available context.
Let S;(t) represent the internal state of application A; at time t, encompassing its configuration,
resource allocation, and operational parameters. Let:

Fi: Ci(t) X S;(t) x M;(t) = 4S;(t + 1) 4

be the adaptation function of application A4;.
Where: M;(t) represents the set of messages received by application A; from other applications in A at time i,
adapted from similar concepts in MAS [32] where:

each message M;;(t) contains information relevant to adaptation, such as the contextual state, internal state,
and/or adaptation actions of application 4;.

This function F; maps the relevant contextual state, the current internal state, and received messages
to a change in the internal state S;(t + 1) , leading to a new internal state:

Sit+1)=S5@)+4S5,(t+1) (6)

Level 0: EDRapp and Jirtaa deployed in the mobile phone of the user without any awareness of each
others operative and adaptive mechanism.

Level 1: EDRapp and Jirtaa deployed in the mobile phone of the user where there is awareness of the
services provided by each other. We can copy text values from EDRapp to Jirtaa and vice versa based on the
permission granted by the user.

Level 2: EDRapp and Jirtaa deployed in the mobile phone of the user and there is broadcast of
presence messages; discovery protocols; read-only access to public context.

Level 3: EDRapp and Jirtaa deployed in the mobile phone of the user and sharing context information
in adhoc request and response manner. EDRapp sharing the context of User. Activity = {“Walking”} in
response to Jirtaa’s request.

Level 4: EDRapp and Jirtaa deployed in the mobile phone of the user and negotiating to share context
information regarding User. Activity for an extended period of time. EDRapp can collect information on some
aspect of the user’s activity and Jirtaa can collect context information about user’s activity not tracked by
EDRapp. A consolidated context from this long-term period data can inform both AMAs. EDRapp can also
inform about the effectiveness of changing a location tracking mechanism after a change in location to Jirtaa.
Enabling Jirtaa to apply a more effective location tracking method.

Level 5: Jirtaa can propose to extend the time of a battery intensive learning module depending the
focus and progress of the user profile. This can deplete the battery of the mobile device restricting the use of
contacting emergency services using the EDRapp. A conflict resolution strategy based on prioritization can
propose for Jirtaa to suspend the use of the power intensive module.

Jirtaa proposing a new module which is high in multimedia content based on the progress of the user.
The Adaptive action uses a high amount of battery. The adaptive action can be described as (focusing on the
unique values for the action):

Taxonomy of cooperative adaptation level for cooperative ... (Berhanyikun Amanuel Gebreselassie)
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a' = (JIRTA, Functional, {Import = Module F, Source =

“Server Address”,{ U;(t). Progress = “Level 2”, U, (t). Activity =

“Focused”}, {4,(t). batteyUsage = “High”, A;(t). Structure =

“MultiMedial”}, timestamp, resource_cost) @)

where:
—  JIRTA is the AMA involved in adaptive action.
—  Functional is a type of adaptive action that adds new functional capabilities.
—  Import = Module F Source = “Server Address are the parameters for the function implementing the
adaptive action.
—  Uj(t).Progress is the user’s context of Jirtaa describing his/her progress in the education application.
- Uj(t). Activity = “Focused” is the user’s context describing his/her activity status.
- A;(t).Structure = “MultiMedial” denotes to the Application context of Jirtaa that involves a
multimedia module.
- Aj(t).batteyUsage = “High” describes the Application context of EDRapp that denotes the battery
usage amount.
A conflict arises when the execution of o’ would cause the shared device’s battery level to drop below
a critical threshold for the emergency module of EDRapp or if the rate of consumption jeopardizes EDRapp.
If E_device (t).battery_level is shared battery level of the device on which both apps might be running
observed by EDRapp, and Batterylmpact(a’,E_device (t)) be the predicted battery level after executing o’
Then a conflict condition as a result of a' can be formulated [32] as:

Conflict(a,E,t) & (Battery]mpact(a’, Ejevice (t)) < Ag (t).criticality_threshold) A
(Ag (t).operational_status = active V Ag (t).operational_status = standby) (8)

where:

—  Conflict(a', E,t) denotes the conflict situation on EDRapp as a result of a’.

—  Ag (t).criticality_threshold) is an application context for EDRapp that satisfies a battery level below

which EDRapp’s functionality is critically impacted.

—  Ag (t).operational_status is an application context for E describing the running mode of EDRapp.
This means that executing a’ reduces the device’s battery below the EDRapp’s critical threshold while

the EDRapp is operational. A conflict resolution mechanism R can be considered as a function that takes the

conflicting action of Jirtaa on EDRapp in the Ecosystem context and proposes a revised set of actions.

R(a,C(t)) » a" )

a” is a set of new actions proposed to counter conflict. C(t) describes the overall context of the Ecosystem.
Possible actions to mitigate context conflict can be using prioritization and dropping the request for new module
by lJirtaa or loading a less energy intensive module A;(t).Structure = “MultiMedia2” whose
A;(t). batteyUsage = “Medium”.

Level 6: Jirtaa that is intending to use an external server anticipates that EDRapp will use the same
external server, when nearing a particular location. The sub-goal for this collaboration is to decrease the cost
of using External server by the user. Based on the works in the field of MAS regarding beliefs, desires and
intentions [32] we can define a belief function B, (needs(E, S, future)) = true (Jirtaa believes EDRapp will
need server S in the future).

The cooperation is defined by the objective:

min(Cost(Collaboration)) = min(P(Tjease)) (10)

Such that the combined needs of Jirtaa and EDRapp are met, where:

—  Tjeqse be the total time (in minutes) for which the server is leased.

— P isthe pricing function.

—  Cost(Collaboration) refers to the cost function with the impact of collaboration.

Jirtaa will negotiate with EDRapp on who will contract the leasing and for how long time the external
service provider’s service will be acquired. As per negotiation Jirtaa will lease the services of the server taking
into consideration the needs of EDRapp. For a particular time, EDRapp will refrain from negotiating the same
service. Collaboration Goal can be formulated as [33]:
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anticipated
min | P ([LE—— (11)
Thatch

where:

—  t;isJirtaa’s required service time (t; = 45).

—  gfntictpated is the anticipated lease time of EDRapp.

Level 7: Jirtaa, EDRapp and a set of other applications can group together to develop and maintain a
global model of the user, particularly his/her interaction. Let U denote the state of the user, and T is the current
time: a user state vector Sy (T) encapsulate the user’s property at time T. This vector can combine:

—  Preferences (P): a vector of learned preferences. P = [p;,p,, ..., pm] Where p;could be a score for a
content category, a preferred notification frequency, and a Ul density preference.

—  Context (C): a vector of inferred contextual attributes. C = [cy, ¢3, ..., ¢ ], Where c;could be current
activity, e.g. Sleeping, Driving, Focused, Walking; location type e.g., home, work, transit]; and
device state battery_low, network_slow.

—  Goals/intentions (G): a vector representing the inferred current goal or task. G = [g4, g2, ---, 9:], Where g;
could be the probability of engaging in a specific task (e.g., [Learn, visit museum, order meal]

—  Cognitive load (L): A scalar or vector representing the inferred cognitive load or attentional state of the
user [34] L € [0,1].

hence,

Sy(T) = (P,C,G,L) 12)

defines the user state vector aligning with our previous representation of context in (2).
If O(T) = (SensorData(T), InteractionLogs(T), Feedback(T)) is a vector of raw observation collected at
time T driven from user interaction modelin [35], feedback driven adaptation [36] and sensor based data fusion
[37]. Where:
—  SensorData(T) captures sensor readings, e.g. GPS coordinates, accelerometer data, and light levels.
— InteractionLogs(T) interaction logs with AMAsS, e.g. Click, scroll, text input, and time in app.
—  Feedback(T) logs explicit feedback from the user U.

The model state S, (T) can be updated based on the new observations founded in dynamic system
updates [38]: This yields:

Sy(T + AT) = f(Sy(T), O(T + AT), 6) (13)

where:
—  fisamodel update function, e.g., Kalman filter [38], Bayesian inference [39], and neural network [40].
— B represent the model’s learned parameters.

Considering the state of each AMA let A = {44, 4,, ..., Ay} be a set of M mobile applications in the
cooperation level 7 and each with its own internal state Sa; (T). The adaptive output for each application A;

based on Sy (T) is given by Ojfjda”t(T).
The adaptive output can be calculated by:

where;

-  g;isthe adaptation logic function for application 4; (e.g., a recommendation engine, Ul layout algorithm,
notification scheduler).
¢; are A;’s specific adaptation parameters.

This ensures coherence across applications, as they all draw from the same S, (T). For example in the
running case if the user is currently sleeping, all AMAs (including Jirtaa and EDRapp) fallback to a mode that
uses less frequent notification. This is further illustrated in Figure 4.

Finally, we can envision Lcoop be a variable representing the level of cooperation, taking values from
a predefined ordered set:

Lcoop € {L0,L1,12,L3,L4,L5,1L6,L7} (15)
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where LO< L1 <L2<L3<L4<L5<L6<L7 correspond to the qualitative levels defined above
(independent, aware at functional level, context sharing, collaborative learning, conflict resolution,
complementary, and integrated goal).
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Figure 4. Major processes of Level 7 integrated goal example

5. CONCLUSION

This study employed the proposed taxonomical framework through application to a hypothetical
configuration of interacting AMAs. Overall, the framework covers the full spectrum of cooperative adaptation
in mobile applications from independence to integration, providing comprehensive coverage. Level 0-3,
characterize situations where there is no significant cooperative adaptation among AMA. Level 1 indicates the
situation between EDRapp and Jirtaa where there is only recognition of each other’s functional capability with
limited awareness of adaptive mechanism awareness. Level 2 cooperation between the use case AMAS is
characterized with minimal cooperation engagement and passive sharing of information without active
solicitation. Level 3 provides an insight on how EDRapp and Jirtaa can cooperative in active context sharing
in response to explicit requests. In level 4 of cooperation EDRapp and Jirtaa can engage in committed
information sharing that provides an opportunity to optimize adaptive mechanisms. On an immediate higher
level, i.e, Level 5, describes management of undesirable context states caused by conflicting adaptations
between the two AMAs and possible resolution mechanisms through rigorous formalism. Advanced
cooperation levels are addressed in Level 6 and Level 7. The prominent behaviors of proactive coordinated
adaptive actions through negotiation and role assignment is covered in the level 6 of the framework. Edrapp
and Jirtaa’s requirements of need anticipation, adaptive task negotiation and active synchronization is
demonstrated by the level. The highest level of cooperation, Level 7, delineates the need for cohesive unit of
operation between EDRApp and Jirtaa while pursuing global optimization for specific concerns. This entails
global context understanding and dynamic model constructions using advanced data processing ML.

A robust taxonomical framework for software artifacts should demonstrate discriminative power,
predictive validity, practical applicability, theoretical contribution and extensibility. Our assessment of the
taxonomical framework with regards to the above criteria is given as follows: (i) discriminative power: the
framework provides clear progression from independence to integration, making it easy to classify existing
AMAs and identify improvement pathways. Each level has concrete characteristics that can be implemented
and measured in real-world applications; (ii) predictive validity: the framework accommodates both simple
awareness mechanisms and complex ecosystem-level coordination. However, the framework lacks explicit
guidance on how AMAs transition between levels; (iii) practical applicability: the taxonomy is able to be used
as a utility to model cooperation of AMA in real life scenarios helping developers; (iv) theoretical contribution:
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the taxonomical framework contributes to the advance understanding of the field because we have applied it
in the conceptual modeling of cooperative adaptive mobile applications (CAMAS) in our upcoming work; and
(v) extensibility: the framework doesn’t provide a mechanism to accommodate new levels of cooperation in
AMAs without major restructuring of levels. This is due to the complex nature of cooperative adaptation and
lack of stable knowledge that fosters predictions.

The taxonomical framework also has the following limitations. It doesn’t address security mechanism
that are important in the higher levels. There is also a lack of resilience mechanisms built in the taxonomical
framework that guides graceful degradation to lower levels. It also doesn’t provide for transition where the
deletion of AMA and relationships that are common in the mobile application usage imact the level of
cooperation in a dynamic manner. While theoretically sound, the framework would benefit from
implementation guidelines and transition mechanisms. Finally, more empirical case validations could
identifying edge cases that occur in cooperative adaptation in mobile context.

This study introduced a taxonomy of cooperative adaptation levels for AMASs, ranging from
independent adaptation to fully integrated goal-oriented cooperation. The taxonomy offers a structured
framework for classifying and designing cooperative behaviors among AMAs. Validation through case studies
and formal models demonstrated its discriminative power and practical relevance. However, limitations
remain, including the absence of explicit transition mechanisms between levels, insufficient treatment of
security concerns, and lack of resilience strategies for failure scenarios. Future research should extend the
taxonomy with transition guidelines, security integration, and empirical validation across diverse mobile
application ecosystems. Despite these challenges, this work provides a foundational contribution to the
systematic study of cooperative adaptation in mobile computing.
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