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Abstract
The limited and highly variable resource dynamics of underserved
communities, each with their own unique needs and values, un-
derscore the need to integrate a context-aware approach when
designing for these settings. Context-aware computing has long
been a fundamental aspect of ubiquitous and pervasive systems, yet
its application in Information and Communication Technologies
for Development (ICT4D) remains limited. Existing context-aware
approaches are predominantly designed for resource-rich environ-
ments and privileged communities, often failing to account for the
unique constraints and dynamics of underserved populations. In
this paper, we advocate for a paradigm shift in ICT system and
service design to serve not only the privileged but also the un-
derserved. Through the lens of two real-world case studies, we
illustrate the contextual challenges faced by underserved commu-
nities and validate the design goals of our proposed framework
by grounding them in real-world constraints, needs, and potential
outcomes. Drawing upon existing literature and insights from the
case studies, we first redefine context in ICT4D as a dynamic in-
terplay of situated location, community needs, and limited resources,
emphasizing a community-centered perspective. Building upon this
definition, we conceptualize a more community-context-aware
ICT4D design and propose enabling technologies for integrating
community-in-the-loop methodologies, efficient resource allocation
mechanisms, and context-aware service resiliency and adaptability
strategies to enhance ICT services in resource-limited settings. By
introducing a more context-aware approach to ICT4D, this paper
aims to foster inclusivity, mitigate information inequity, and con-
tribute to bridging the digital divide. Our work lays the foundation
for future research on inclusive, resource-efficient, and community-
driven context-aware ICT solutions.
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1 Introduction
In a rural classroomnestled in the foothills of Nepal, a solar-powered
server hums quietly in the corner. It holds a world of knowledge:
Khan Academy lessons, science simulations, storybooks, all acces-
sible without the internet. For many children here, it is their only
digital learning tool. But now that lesson plans have changed and
new exams are scheduled, the content on the server is months out
of date. Teachers cannot update it, the field team has not arrived,
and cloudy weather has left the solar panels struggling to power the
device. The students wait—learning from outdated lessons. This is
not a failure of infrastructure. It is a failure of awareness, of systems
designed without regard for their context. In this paper, we argue
that to meaningfully serve underserved communities, Information
and Communication Technologies for Development (ICT4D) must
adopt a fundamentally different approach: one that places context,
including location, community need, and resource constraints, at
the center of system design.

Context-aware computing [63] has long been a fundamental
aspect of ubiquitous and pervasive systems, enabling applications
to dynamically adapt to their environment. Yet, its application in
ICT4D remains underexplored. Existing systems are mainly de-
signed for resource-rich environments, assuming continuous inter-
net access, advanced infrastructure, and high computational power,
conditions that do not hold in many resource-limited developing
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communities [33, 68]. As a result, Information and Communica-
tion Technology (ICT) solutions frequently fail to meet the needs of
marginalized populations, reinforcing the digital divide and limiting
access to education, healthcare, and economic opportunities.

The major difference in adopting a context-aware design for
ICT4D from the existing context-aware systems lies in the “situated-
ness” of the receiving end users’ side. Existing context-aware sys-
tems from the ubiquitous computing standpoint are designed with
an individual user owning multiple different technological devices
(resources) offering different user context. However, ICT4D solu-
tions are designed with community in mind where the communities
are generally underserved or resource-constrained. This brings
differences in 1) what “context” matters the most from a resource-
limited community’s perspective and 2) how amore “context-aware”
approach to ICT4D design can better serve such underserved com-
munities with the resources they have in the best way possible.

A key challenge in ICT4D is the lack of community-context-
awareness and context-adaptability in existing solutions, which do
not consider dynamic socio-economic, infrastructural, and envi-
ronmental contexts. For example, communities relying on offline
educational repositories struggle with content updates and data
collection due to limited connectivity (Section 4.1). Similarly, initia-
tives for community redevelopment in economically constrained
regions face high infrastructure costs, making traditional cloud-
based solutions impractical (Section 4.2). These challenges highlight
the need for ICT systems that are contextually aware, meaning they
are capable of adapting to local constraints, community priorities,
and available technological resources.

In this paper, we argue that the current paradigm of context-
aware system design must be rethought to effectively serve under-
served populations. We redefine context in ICT4D as a dynamic
interplay of three core factors: 1) situated location, 2) community
needs, and 3) limited resources. This definition shifts the focus from
individual-centric context awareness to a community-driven per-
spective, where ICT systems must be designed to integrate and
adapt to the lived realities of marginalized populations. Building on
this reconceptualization, we propose design strategies and technolo-
gies to improve the reliability and accessibility of ICT4D, thereby
promoting information equity and contributing to improved quality
of life in resource-limited underprivileged communities.

The realities surfaced through our case studies (Section 4), such
as the failure of automated updates, intermittent server uptime, and
community requests for prioritized content, do not merely illustrate
the problem. They directly inform the design principles and archi-
tecture of our proposed framework. In particular, they reveal the
need for systems that can dynamically adapt to resource variability,
integrate local decision-making, and support context-aware prioriti-
zation. For example, the inability to perform content updates due to
erratic power and weather patterns directly motivates the need for
runtime resource-awareness and intermittent computing. Similarly,
community requests for topic-specific updates and prioritization
inform our community-in-the-loop mechanisms. These are not ab-
stract design ideas; they are grounded responses to real, recurring
needs. Drawing from these insights, we propose a framework that
operationalizes community-context-awareness in ICT4D systems
through design strategies for adaptability, inclusion, and resilience.
We further detail this framework and the enabling technologies it

draws upon, structured around the key contextual dimensions in
Section 5.

To this end, the contributions of this paper are:
• Through a review of existing literature on context-aware
computing and ICT4D, we first highlight the strengths of
context-aware systems in enhancing user understanding
and service delivery. We then examine their limitations in
ICT4D use cases and propose a redefinition of context for
ICT4D, shifting the focus from individual-based computing
to community-driven context-awareness.

• Building on existing literature and real-world challenges
in community-based applications identified through case
studies (e.g., education, sustainable redevelopment), we pro-
pose a conceptual framework for community-context-aware
ICT4D. This framework enables users to set service priori-
ties and policies, automates resource optimization with self-
adaptability, and enhances service resiliency and accessibility
in resource-limited settings.

Section 2 outlines the background on context-aware systems
and summarizes prior ICT4D research. Section 3 redefines context
for resource-limited communities in ICT4D. Section 4 examines
two real-world case studies and demonstrates how a context-aware
approach can address their challenges. Section 5 conceptualizes
design goals and enabling technologies for context-aware ICT4D.
Section 6 explores design challenges and future research directions,
and Section 7 concludes the paper.

2 Background and Related Works
In this section, we go over the background on context-aware sys-
tems, its applicability in the case of ICT4D scenarios, the notion of
“context” in terms of ICT4D, current ICT4D scenarios and solutions,
and the need for a context-aware system design for supporting
ICT4D services.

2.1 Context-Aware Systems
2.1.1 Definition of “Context”. Context-aware systems form the
backbone of ubiquitous and pervasive computing, empowering ap-
plications to adjust dynamically based on environmental, social,
and user-specific data. Schilit et al. [63] provided the foundational
insights into designing systems that actively sense and react to
their surroundings where they outlined “context” as comprising
of three primary dimensions: “where you are (location), who you
are with (nearby entities), and what resources are nearby (available
resources)”. They introduced the idea of context-aware applica-
tions, categorizing them into: proximate selection (nearby objects
for easier interaction), automatic contextual reconfiguration (dy-
namic changes in system configurations), context-triggered actions
(automatic execution of predefined actions based on context), and
contextual information and commands (enabling users to query
and interact with contextual data).

A widely accepted and commonly used definition of context
is provided by Dey and Abowd [1] which states: “Context is any
information that can be used to characterize the situation of an
entity, where an entity is a person, place, or object relevant to the
interaction between a user and an application.” According to them,
context-aware systems refer to applications or frameworks that
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utilize context to adapt their functionality dynamically and are
able to: extract and interpret raw contextual data from sensors and
other sources, reason about high-level abstractions of context, and
adapt services and applications to better align with the user’s needs
and the environment. This definition provides a general framework
applicable to a wide range of domains, from mobile and pervasive
computing to the Internet of Things (IoT).

2.1.2 Dimensions of “Context”. Over time, the dimensions of “con-
text” has broadened to include a wide array of attributes. A recent
survey [56] on context-aware systems categorized “context” into
different dimensions, where context refers to diverse categories of
information that characterize an entity’s situation, encompassing
physical, temporal, relational, and abstract aspects. Context can
be primary (e.g., identity, location, or time) or secondary (e.g., so-
cial connections derived from identity) and is structured by the
Five W’s: Who, What, Where, When, and Why (e.g., a student
writing an exam at 10 a.m. in a hall). It spans computing, user,
physical, and time contexts, such as network connectivity, user
profiles, environmental conditions, and temporal factors like the
time of day. Context can be static (unchanging, like a person’s
name) or dynamic (changing, like location), as well as physical (e.g.,
temperature) or logical (e.g., GPS coordinates). Further categories
include physical and cultural contexts, where physical aspects in-
volve measurable features (e.g., location) and cultural aspects relate
to user preferences (e.g., payment methods). Context may be sensed,
static, profiled, or derived, based on data origin or evolution, and
classified as global (e.g., room occupancy) or local (e.g., an object’s
location). It also encompasses individual, location, time, activity,
and relational contexts, such as human characteristics, physical or
virtual locations, specific tasks, or social relationships. Additionally,
context may be active (current, like a patient’s blood pressure) or
past (historical, like medical records), and direct (sensor-derived) or
indirect (inferred from other data). These categorizations reflect the
complex and interdependent nature of context, enabling systems
to adapt dynamically to users and environments.

2.1.3 Methods for Context-Awareness. Prior works have explored
and defined various methodologies and ontologies for context-
aware systems in regards to context acquisition, context repre-
sentation, context processing architectures, context distribution,
and context-based actuations [32, 55, 56]. Dey and Abowd [1, 20]
proposed a framework with reusable components such as wid-
gets, aggregators, and interpreters to simplify the acquisition and
use of context in applications, and focused on separating sensing
mechanisms from application logic. The literature describes context
modeling as reusable ways to model context gathering sources or
mechanisms such that they abstract different data sources from
the system and the higher-level applications. In that regard, re-
searchers have explored different ways in representing and storing
environmentally gathered contexts such as using data structures
as key-value pairs, object-oriented approach, tree and graph based
representations, etc [9, 43]. Moreover, other works have explored
the possibilities of using various architecture for context-aware
systems, among which the middleware architecture is the most
popular and commonly used due to its ability to abstract and easily

integrate various context sources with less burden to the underly-
ing system or application developers and ensure modularity and
scalability [9, 13, 26, 58].

From our mobile phones possessing many different sensors (ac-
celerometers, GPS, gyroscopes, camera, etc.) to various things (print-
ers, refrigerators, mirrors, etc.) becoming smarter, the domain has
found rich ways for gathering contextual information and make
contextually informed decisions. Given this, today’s context-aware
system designs encompass multiple domains (involving wireless
networking, IoT and sensing, system designs, and human-computer
interaction) that possess the ability to take contextually relevant de-
cisions or actions based on the information acquired and processed
from various different sensing sources.

Existing works in context-aware computing systems are de-
signed and work well for the resource-rich and privileged en-
vironments (with advanced sensing and almost infinite cloud re-
sources) but fall short when considering resource-constrained
or underprivileged environments. The major reason is the as-
sumption of today’s context-aware computing applications on the
pervasiveness of sensing technologies, 24/7 access to connectivity
and computing resources, and the differing importance of each
“context” type when considering resource-constrained or under-
privileged environments. This will be further discussed in the
upcoming subsections.

2.2 ICT4D and Existing Solutions for the
Underserved

Information and Communication Technology for Development
(ICT4D) is a global initiative aimed at promoting equitable access to
digital technologies to bridge the digital divide and foster economic
and social development, particularly in marginalized and resource-
constrained underserved developing communities [7]. Prior works
in ICT4D for underserved communities with access to limited re-
sources can be majorly classified into six different categories: 1)
communication infrastructure and connectivity; 2) data and infor-
mation dissemination; 3) adaptable systems and services; 4) peo-
ple and community supported designs; 5) accessibility supported
designs; and 6) contextual design frameworks. Below, we briefly
describe existing advancement in each of these categories.

2.2.1 Communication Infrastructure and Connectivity. A key pillar
of Information and Communication Technologies for Development
(ICT4D) is connectivity and networking infrastructure. Numerous
studies have explored extending connectivity to underserved ar-
eas with environmental or infrastructural constraints, including
using free-space optics, LoRa networks, non-terrestrial networks,
and dynamic spectrum access like TV White Spaces, which shows
promise for rural regions [2, 34, 40, 53]. However, high costs for
client-side devices make this option impractical for low-income
populations, despite its current use in broadband services.

Satellite-based internet services, such as Starlink, have gained
popularity but are not yet widely pervasive, resulting in inconsis-
tent signal strength and connectivity, with limited studies on their
reliability [75]. Additionally, the high cost of satellite networks
raises concerns about their accessibility for low-income users [42].
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Dynamic and ad-hoc wireless mesh networks have also been ex-
plored and show potential for providing connections to underserved
communities [54, 78].

Innovative community-driven cellular networks offer a promis-
ing solution. These networks involve the community in building,
deploying, managing, and maintaining the system. With training,
communities can deploy networks using low-cost hardware (under
$1,000) and open-source software1, providing coverage for more
than two miles [29]. Such networks have been embraced by under-
served areas for their sustainability and affordability [37, 65].

2.2.2 Data and Information Dissemination. In the context of ICT4D,
researchers have explored various mechanisms for collecting data
from rural and resource-constrained areas with limited or no Inter-
net access. Two common approaches for data collection and analysis
are offline and hybrid data collection [12], which are both widely
used in surveying and data collection tools. Offline data collection
involves: 1) gathering data locally and 2) physically transferring
it using flash drives between locations. In contrast, hybrid mecha-
nisms involve: 1) collecting data offline, 2) storing it locally, and 3)
syncing with servers when Internet access becomes available.

Information dissemination involves sending latest data to lo-
cally deployed applications with limited Internet access, making
direct online data retrieval unfeasible. In such cases, similar offline
and hybrid syncing strategies have been used, employing data fer-
rying [23] or syncing when Internet access is available [17, 21].
Moreover, delay/disruption tolerant networks (DTNs) provide a
“store-and-forward” approach for transferring data across limited,
unreliable, and intermittently connected nodes with high through-
put and lower latency [77].

Although hybrid mechanisms provide a practical solution for
addressing limited connectivity, current syncing methods typically
rely on detecting Internet availability and then transmitting all data,
without considering available network bandwidth or power capac-
ity (especially in battery- or solar-powered systems) at that moment.
This can lead to network congestion or power depletion, result-
ing in synchronization failures, data accumulation, and eventually
making updates unfeasible under the current hybrid approach.

2.2.3 Adaptable Systems and Services. Although networking, data,
and information aspects have received significant attention and con-
tributions in the domain of ICT4D, the adaptability requirements of
systems and services have not been widely explored. Existing works
focus on building dedicated platforms and technologies to deliver
essential services and content in underserved regions. Cloudlet-
based micro-data centers [30] provide localized data storage and
computational power in rural and remote areas, addressing infras-
tructural limitations and unreliable power and internet connectivity.
Similarly, the BlendNet platform [47] leverages a “hub-and-spoke”
model with satellite and edge technologies to facilitate offline and
low-cost digital content distribution through intermediaries such
as local shops. The BASS platform [64] considers the network band-
width as context for optimizing service deployment in community
wireless mesh networks, addressing bandwidth variability.

1https://github.com/uw-ictd/colte

Existing service adaptability examples from cloud service plat-
forms include websites 2 offering text-only versions of their pages
and YouTube providing dynamic video streaming resolutions that
adapt to available network bandwidth. Moreover, existing research
efforts have also enabled support for service adaptability. Jun et
al. [39] performed a large-scale evaluation of Google’s Acceler-
ated Mobile Pages (AMP) and their impact on web performance
in constrained settings, showing it can drastically improve mo-
bile page load speed – e.g. yielding 60% lower Speed Index (visual
load time) than equivalent non-AMP pages given its strict page
simplification, lazy-loading of content, caching via a CDN, and
Google’s search pre-rendering. However, this speed boost comes
with hidden costs: AMP’s aggressive prefetching of content im-
poses significant data overhead (averaging over 1.4MB of extra
data per search) unbeknownst to users. This finding is critical for
design in low-resource contexts, where data is often limited or
expensive – an apparently “faster” experience may actually con-
sume more bandwidth, undermining its benefit for underserved
users. This clearly portrays technology designs today being silently
intended towards the resource-rich environment while abruptly
failing for the resource-scarce ones. Such trade-offs highlight the
need for frameworks to balance performance gains with resource
costs, motivating our work’s context-aware approach.

Another recent example is MAML (Mobile Application Markup
Language), a web framework designed for the Global South that
pre-simplifies web content for low-end phones [52]. Modern web-
sites are often bloated with complex scripts and heavy media, which
makes them nearly unusable over slow networks or on cheap smart-
phones. MAML flattens webpage structure and strip non-essential
code, yielding dramatic performance gains (loading pages tens of
seconds faster than even Google’s AMP in poor network condi-
tions). This optimization acknowledges the resource constraints
in underserved settings and adapts mainstream services accord-
ingly. Similarly, Newman et al. [50] developed ScaleUp system that
improved above-the-fold load times by 19% (median) simply by
zooming-in on pages under slow networks (hiding some content
below the fold), and a crowdsourced trial with 1,000 users con-
firmed corresponding gains in perceived user experience. Such
results illustrate that slow or lossy connections demand tailored
solutions – a one-size-fits-all web design fails when latency, loss, or
bandwidth differ drastically. Furthermore, the Siskin chrome exten-
sion [71] leverages the ubiquity and capabilities of web browsers
for distributed content caching and sharing within a local network
requiring minimal configuration and no additional hardware, reduc-
ing overall costs. These small feature integrations on the application
services side help ensure functionality even with limited resources
(e.g., network bandwidth), although they often compromise on qual-
ity or performance, have limited adaptability capabilities, and are
not designed with community-in-mind.

2.2.4 People and Community Supported Designs. Beyond address-
ing technological gaps, ICT4D systems must align with the socio-
cultural values and traditions of target communities, fostering ac-
ceptance and long-term sustainability [28]. Because these services
are intended for individuals or groups within these communities,

2https://lite.cnn.com/, https://text.npr.org/
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understanding their perspectives and socio-cultural context is cru-
cial for creating systems that are not only usable but also culturally
acceptable and responsive. In some cases, even when technology is
readily available, people may be hesitant to fully adopt it or utilize
it as designed for because it is misaligned with their values [38, 48].
Communities often share common beliefs and values. Thus, design-
ing systems and services that account for each community’s unique
context, considering factors such as location, people, and social
values, can significantly enhance their usability and impact.

Few existingworks include the implementation of socio-culturally
sensitive systems and services. For example, Wiki Katat and Tae-
waloni integrate Indigenous worldviews into digital platforms, and
Radio Tosepan and FiDO’s caching systems prioritize local con-
tent relevance and community engagement [27, 48, 80]. Similarly,
Kasadaka enables a self-contained, voice-based platform that hosts
and develops spoken information services tailored to non-literate
populations [8]. Other works emphasize community-driven techno-
logical decisions such as the need of a community-driven network
congestion management platform - a participatory tool for network
measurement and coordination, enabling communities to challenge
official broadband data and advocate improved infrastructure [38].

Another thread of ICT4D deals with ethical design – ensuring
technologies respect local practices and rights. Ahmed et al.’s study
of mobile phone sharing in Bangladesh reveals how Western as-
sumptions of personal device use break down inmulti-user contexts,
leading to serious privacy challenges [4]. People share phones out
of economic necessity and cultural habit, but this compromises
personal data privacy and introduces power imbalances (e.g. men
inspecting women’s phones). The finding is an ethical wake-up
call: ICT4D systems must account for communal use and consent,
rather than assuming individual ownership and privacy norms as
found in rich-resource environments. As a solution, they proposed
Nirapod [5] which implements a “tiered privacy” model that lets
users create separate modes or accounts on a shared phone – one
for personal data and another for shared use. It shows how incor-
porating local context (like shared usage patterns) into design is
crucial in ICT4D scenarios to protect vulnerable users.

Researchers have also highlightedmisalignments that arise when
designers or decision-makers overlook marginalized communities’
contexts. Saha et al. [59] reported that top-down development plan-
ning often leads to tensions and disconnects with low-income com-
munities, and they urge more inventive approaches to “bridge the
gap” between high-level decision-makers and local voices. More-
over, marginalized groups exercise agency in how they engage with
technology. They may even practice technological refusal, actively
resisting or repurposing technologies that do not fit their values
or needs – a form of contesting sociotechnical systems that un-
derscores the need for more contextually appropriate, community-
centered solutions. Innovative methods have emerged to empower
community voices. In one study, disadvantaged women farmers in
rural Bangladesh participated in participatory video production to
articulate their needs and lived experiences [60], allowing them to
“speak” in a medium comfortable to them, surfacing issues outsiders
had overlooked. The resulting insights informed development pro-
grams in ways that purely top-down data could not. Such examples
show that when communities can convey context in their own
terms, even to the point of refusing ill-suited technologies - the

interventions can be better tailored. Our approach builds on these
lessons by embedding community feedback loops in the design.

Moreover, prior work emphasizes that effective ICT4D must
leverage human infrastructure – the networks of people, social pro-
cesses, and local knowledge that underpin technological systems
in underserved settings. Sambasivan and Smyth [62] first intro-
duced human infrastructure as an analytical lens to understand
how shared social norms, information flows, and community prac-
tices enable ICT access in low-income communities. For example,
Dell et al. [19] revealed how ICT deployments in NGOs and devel-
opment organizations face myriad infrastructural, social, cultural,
and linguistic challenges in practice, underscoring that technol-
ogy alone cannot succeed without aligning to local human support
structures. Real-world cases like Cuba’s ElPaquete offline Internet
make this clear: instead of purely technical networks, ElPaquete
is “populated and sustained by a human infrastructure”, wherein
community distributors, local couriers, and social agreements de-
liver up-to-date digital content through an entirely community-run
system [22]. Sultana et al. [72] highlighted the socio-cultural barri-
ers (e.g. patriarchal norms) facing rural Bangladeshi women and
the need to design around existing community support networks.
These studies show that successful interventions depend on com-
munity actors (family, peers, local experts) who fill gaps left by
sparse technical infrastructure. These works lay a foundation for
viewing ICT4D systems not just as technical artifacts but as socio-
technical ecosystems. Our approach builds on this foundation. By
designing context-aware ICT4D solutions that explicitly integrate
community actors (“community-in-the-loop”) and local resource
dynamics, we extend the human infrastructure concept to more
adaptive, system-level designs that treat community context as a
first-class component.

2.2.5 Accessibility Supported Designs. Another critical yet under-
addressed facet of ICT4D is accessibility for people with disabilities
in low-resource communities. Approximately 80–90% of people
with disabilities worldwide live in developing regions [76], where
they face acute shortages of assistive technologies and accessi-
ble services. For example, only an estimated 5–15% of mobility-
impaired individuals in low-income countries have access to an
appropriate wheelchair [10], and the vast majority lack reliable ac-
cess to digital assistive tools (e.g. screen readers in local languages)
or even basic internet connectivity.

Numerous solutions have been explored – albeit in resource-rich
settings – to assist people with disabilities. For instance, VizWiz [11]
introduced a smartphone-based service for blind users to receive
nearly real-time answers to visual questions by sending photos to
remote crowd workers. This approach leverages ubiquitous con-
nectivity and cloud resources to dynamically provide information
on demand. Similarly, DarkReader [83] is a context-aware screen
reader enhancement that reacts to device power conditions: by truly
turning off the display when a blind user does not need it, Dark-
Reader preserved 24–52% of smartphone battery life with no loss of
usability. These innovations illustrate the power of context-aware
adaptation (e.g., human-in-the-loop assistance, adaptive powerman-
agement) in improving accessibility. However, they presume consis-
tent internet access, modern devices, and ample power – conditions
often unavailable in underserved environments.
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Furthermore, disability scholarship emphasizes interdependence,
where technology use is entwined with social support networks
and community infrastructures, especially in resource-constrained
environments. A study of wheelchair users in an informal settle-
ment found mobile phones became an accessibility bridge only
through shared use and help from others, underscoring the “human
infrastructure” that makes technology workable in low-resource
contexts [10]. By accounting for collaborative use patterns, shared
devices, and community information flows, the authors argue tech-
nologies can better amplify their impact in low-resource settings.
Designing for such contexts thus requiresmoving beyond an individ-
ual-centric lens to a more social and community-oriented one.

2.2.6 Contextual Design Frameworks. Several recent works have
proposed contextual design frameworks tailored to specific un-
derserved groups or technologies. For instance, Cruz et al. [16]
co-designed wearable devices with low-income immigrant com-
munities, distilling a research agenda called “Equityware,” which
emphasizes building wearables around those communities’ needs,
comfort, and resource constraints. This framework targets unique
barriers (e.g. safety, cost) faced by marginalized users of wearables
and demonstrates how contextualized co-design can make technol-
ogy more accessible. Similarly, Greenlee et al. [25] worked with
Native American partners to develop an environmental sensing
framework for remote conservation efforts. They confirmed a five-
stage “microclimate sensor lifecycle” and highlighted design prior-
ities like field usability (the “cost of experience”) and community
engagement in sensor deployments. Such domain-specific frame-
works show how tailoring HCI principles to a particular population
or technology – from undocumented Latine residents and wear-
able health trackers to Indigenous land stewards and IoT sensor
networks – can yield deeply relevant design insights. Moreover,
other scholars have focused on population-specific challenges: Al-
mohamed et al. [6] present a conceptual framework for refugee
resettlement technologies that foregrounds cultural background,
displacement-related stressors, and social resources in the host
community. Each of these frameworks offers valuable guidance
within its niche – be it wearables for marginalized urban users,
community-run environmental IoT systems, or digital services for
refugees – and underscores the importance of context in design for
underserved and marginalized groups.

Despite the value of these targeted frameworks, they remain
inherently narrow in scope. Each is largely confined to a single
community or technology, addressing one slice of the broader dig-
ital divide. In fact, some researchers argue for culturally specific
design practices in lieu of generalized approaches [27]. Such highly
localized methods ensure cultural resonance but are hard to gener-
alize beyond their original context. This is where our work diverges
and contributes novelty. We aim to complement these siloed models
with a generalized, adaptable framework that can be applied across
diverse underserved contexts. In contrast to one-size-fits-one so-
lutions, our framework abstracts common principles drawn from
multiple communities and technologies to guide context-aware
design in low-resource settings. In doing so, we answer calls in the
literature for a more cross-cutting approach to equitable technology
design, bridging the gap between bespoke solutions and a unified
theory of context in ICT4D. By synthesizing lessons across domains,

we strive to provide practitioners a flexible blueprint that retains
local relevance (through community-in-the-loop adaptation) while
offering broadly applicable strategies. This positions our work as a
general-purpose context-aware ICT4D framework (detailed in Sec-
tion 5) that complements, rather than replaces, existing specialized
frameworks – unifying their insights and extending them to new
domains and populations.

2.3 A Review of Context from ICT4D
Perspectives

Numerous studies in ICT4D, discussed earlier, emphasize the crit-
ical role of understanding and incorporating the “context” of the
environment or community for which ICT solutions are designed
and implemented. This context can vary significantly across differ-
ent communities due to differences in geographical, social, political,
organizational, cultural, economic, religious, and infrastructural
factors. For instance, one community may have more limited ac-
cess to computing devices and internet bandwidth than another,
while a community with a predominantly younger population may
prioritize educational services over a community with an older
demographic. These contextual differences shape the accessibility,
adoption, and effectiveness of ICT solutions in different regions.

A recent survey [57] examines various perspectives on context
in ICT4D, categorizing them into “psycho-social contexts”—such as
social, cultural, demographic, cognitive, emotional, and linguistic
factors—and “structural contexts”, which include systemic, politico-
legal, environmental, economic, financial, and historical aspects.
These contexts range from cognitive (e.g., learning styles, literacy
levels) to politico-legal (e.g., institutional frameworks, governance,
policies, regulations) to emotional (e.g., frustration, empowerment),
among others, as summarized in Table 1.

The breadth of context highlights the inherent vagueness in
defining “context” for ICT4D and underscores the need for multi-
disciplinary expertise to address its complexities, further leading to
the emergence of fields such as HCI4D [14] and UbiComp4D [61].

To this end, there is a need to refine the definition of “context”
when designing ICT4D systems due to twomajor reasons: 1) current
context-aware systems (Section 2.1) do not consider community
and socio-economic factors and assume resource-rich environments
where individuals generally own many devices; and 2) existing tax-
onomies of context dimensions for ICT4D, such as that shown in
Table 1, are often overly broad, lack the measurability and structure
necessary for effectively representing or modeling each unique
community, and make it impossible to integrate context-awareness
in their current form. Thus, in designing a context-aware system
for ICT4D scenarios–one that can be measured, modeled, and inte-
grated for context-awareness–requires refining and reorganizing
the existing taxonomy of context for ICT4D so that contexts are not
only defined qualitatively, but quantitatively represent each unique
community and are addressable at the system level. This calls for a
redefinition of the existing taxonomy of context for ICT4D scenario,
which is further detailed in Section 3.

This work draws inspiration from existing context-aware com-
puting and system designs in ubiquitous computing, while acknowl-
edging their limitations in addressing the unique contextual dimen-
sions of ICT4D. It builds on an understanding of these contextual
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Table 1: Summary of Context Dimensions for ICT4D [57]

Dimension Category Key Aspects

Psycho-Social

Social Community participation, marginalized groups’ inclusion
Cultural Cultural norms, values, and practices affecting ICT adoption
Demographic Variability in gender, age, and education across user groups
Cognitive User learning styles, literacy levels
Emotional Emotional impact of ICT use, such as frustration or empowerment
Linguistic Language barriers in ICT use

Structural

Systemic Infrastructure, technology readiness, geographical challenges
Politico-Legal Institutional frameworks, governance, policies, and regulations
Environmental Physical environment, exposure to natural risks
Economic & Financial Affordability and access to financial services
Historical Legacy systems and their impact on technology adoption

perspectives from an ICT4D standpoint and proposes potential de-
sign goals and enabling technologies to better align with and serve
the needs of resource-constrained underprivileged communities.

3 Redefining “Context” for ICT4D
Given the limitations of the “context” definition in both existing
context-aware computing systems and ICT4D perspectives, this sec-
tion refines and redefines context specifically from the standpoint
of context-aware ICT4D design.

As highlighted in earlier literature, ICT4D solutions adopt a
situatedness approach in designing and deploying technological
solutions that align closely with the conditions of the executing
environment. Based on prior ICT4D works discussed in Section 2.2,
three major questions arise when designing ICT4D solutions: 1)
Where is the solution being designed to operate? 2) What do the
people in these locations genuinely need? and 3) What resources
are actually available to them? The first question addresses the
locational attributes, the second focuses on the users’ information
service needs, and the third examines the technological resources
accessible to the community. The answers to these questions vary
across both space (different communities) and time (different peri-
ods within the same community), leading to dynamic and context-
specific ICT4D environments. Therefore, solutions designed for
ICT4D scenarios must: 1) ensure they are relevant to the end users’
needs, and 2) ensure they function effectively within the constraints
of the local environment and available resources.

To this end, we redefine context for ICT4D design as the dy-
namic factors that influence the availability, accuracy, and quality
of ICT services for a specific community at any given time. A
community-centric context plays a critical role in determining the
most appropriate solutions to address its needs at that moment.
We broadly categorize a community’s context into three primary
dimensions: geographical attributes, technological resources, and
unique user-to-application requirements, which encompass a range

of social, economic, and technological factors. Based on these di-
mensions, the existing literature on ICT4D can be divided into
three major “contexts,” within which additional subcontexts can
be further categorized. Table 2 provides a summary of the various
contextual dimensions, along with their corresponding subcontexts
and relevant attributes/ properties.

3.1 Situated Location as Context
This category of context encompasses the location-awareness of
specific communities or individual users within a community. Such
locational context can be further subdivided into geographical and
environmental contexts. Geographical context refers to place-based
properties, including terrain type, altitude (e.g., above sea level), and
the density of buildings or forests, providing an initial framework
for assessing the community and determining suitable technological
solutions. For instance, a region situated at a higher altitude with
dense forests may require a different connectivity mechanism than
a more open and flat area.

Environmental context involves the dynamic factors of a location,
such as changing climatic and weather conditions, which can indi-
rectly affect the availability of technological resources. For example,
on a rainy day with limited sunlight, areas relying on solar-powered
solutions may experience intermittent service disruptions. Further-
more, the movement of entities (technological resources) and actors
(community users) over time results in shifts in their specific loca-
tions (in terms of current longitude and latitude), introducing the
mobility context.

3.2 Community Needs as Context
One of the most critical aspects to consider for the success of any
ICT4D solution is the ability of technological systems to understand
and align with the needs and economic conditions of the target
community. Differences in service needs across communities are
influenced by various factors, which can broadly be categorized
into social and cultural contexts.
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Table 2: Proposed “Context” Definition for ICT4D

Context Subcontext Attributes/ Properties

Situated Location
Geographical terrain type, altitude
Environmental climate, weather, temperature
Mobility longitude, latitude (user and resource)

Community Needs
Social demographics, population density
Cultural culture, religion, language, beliefs
Economical income, expenditure limit on ICT

Limited Resources
Compute CPU, memory, disk, storage
Network internet and intranet bandwidth, signal-to-noise ratio (SNR)
Power battery level, charging mode, device uptime, temperature

Social contexts encompass factors such as a community’s demo-
graphics or population density, which can significantly impact the
type and level of granularity required in the services provided. For
instance, a community with a predominantly younger population
may prioritize educational services over entertainment services,
with a focus on specific educational content tailored to their needs.

Cultural contexts refer to the unique mental models of each com-
munity, which are closely tied to their culture, religion, language,
and belief systems. These factors influence the acceptability and
perceived value of information services. For example, a community
might prefer services in their local language or collectively decide
to block certain services that conflict with their cultural beliefs.
Similarly, economic contexts play a significant role in shaping com-
munity needs, such as preferring services that adhere to specific
constraints on power or network consumption.

By incorporating these community-driven needs as contextual
factors, ICT systems and services empower users to actively partici-
pate in and influence the design and functionality of the underlying
technological solutions, ensuring their relevance and sustainability.

3.3 Limited Resource as Context
This contextual perspective emphasizes the technological dimen-
sion while integrating socio-economic and locational factors. A crit-
ical consideration in ICT4D scenarios is the limitation of technologi-
cal resources available to a community, which often exhibit dynamic
behaviors. Basic technological resources accessible to underserved
communities, such as computational resources (e.g., CPU, memory),
network resources (e.g., internet connectivity, bandwidth), and en-
ergy resources (e.g., battery capacity, device uptime), are intricately
linked to their economic and environmental conditions.

For instance, internet availability in such communities largely
depends on population density and the number of potential sub-
scribers, as internet service providers (ISPs) are incentivized to es-
tablish base stations only when a sufficient subscriber base ensures
a high return on investment. However, underserved communities,
often characterized by low-income levels and sparse populations,

are unable to afford high-speed internet services, resulting in lim-
ited internet bandwidth and restricted access to internet-based
resources and services.

Additionally, the usage and availability of these resources are
dynamic and continuously evolving, necessitating adaptive ap-
proaches to resource and service provisioning. This resource vari-
ability is influenced by environmental and mobility contexts dis-
cussed earlier. For example, extreme weather conditions can de-
grade available internet bandwidth and reduce the uptime of solar-
powered devices, disrupting access to time-sensitive services. Fur-
thermore, mobility and user access patterns across different loca-
tions introduce variations in resource usage, impacting the avail-
ability of shared resources within a community.

4 Exemplar Use Cases: Real-World Case Studies
In this section, we present two real-world scenarios to better illus-
trate their existing problems and requirements for context-aware
ICT4D design.

4.1 Case I: OER Content Updates and Data
Collection in the Global South

4.1.1 Background. Open Educational Repositories (OERs) are col-
lections of educational resources, such as Khan Academy videos,
PheT Simulations, and YouTube videos, bundled into a single server
and deployed in environments such as rural schools and commu-
nity centers with limited or no internet access [41, 69] (represented
by the “limited resources” context in Table 2). Examples of such
deployments include Internet-in-a-box, Kolibri, and Kiwix [35, 70].
These efforts provide critical access to information for underserved
communities, yet significant challenges remain in updating content
and understanding usage patterns in resource-limited settings.

In many developing countries, OERs are used to support edu-
cation in rural areas. A real-world example is OLE Nepal, a non-
profit organization aiming to bridge the educational divide through
technology. OLE Nepal [49] has developed open-source interac-
tive educational software, accessible via web browsers on mobile
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(a) OLE Nepal’s OER Server Deployment: Servers
reach rural schools through difficult terrains where
they are deployed locally, powered by solar panels

(b) OLE Nepal’s Current OER Server Deployment Architecture: Uses a local
network and low-powered devices but has no or limited connectivity to the

Internet

Figure 1: Case for OLE’s OER Service Deployment [49]

phones or desktop devices. They also offer a digital library contain-
ing documents, novels, audiobooks, video lessons, and other learn-
ing materials, including content from Khan Academy, Wikipedia,
OpenStreetMap, and PheT Simulations3. These resources have been
deployed in more than 1,500 rural schools and community libraries
across Nepal, impacting over 400,000 students [49]. Figure 1a illus-
trates the deployment of an OER server powered by solar panels in
rural schools across Nepal’s challenging terrains, while Figure 1b
depicts the current server deployment architecture implemented
by OLE Nepal. Such solar powered servers are directly tied to their
“situated location” contexts, such as weather conditions, causing dy-
namic server uptime behaviors and further impacting the “limited
resources” contexts.

4.1.2 Existing Problem. Despite the success of making educational
resources accessible, updating content presents significant chal-
lenges. Offline servers either need to be physically transported back
to the organization’s headquarters, or field teams must visit each
school to perform updates. In the first scenario, servers must be
carried over difficult terrains to the capital, where staff manually
push updates—a process that can take weeks, during which students
may lose access to vital learning content. In the second scenario,
the cost and logistics of sending field teams to each school make
regular updates impractical. As a result, students often rely on out-
dated content, which may become inaccurate or irrelevant over
time, calling into question the validity of the information provided.

Additionally, OLE Nepal lacks a way to gather data on how these
educational tools are used, limiting their ability to prioritize updates
based on unique community contexts (represented by “community
needs” in Table 2). The absence of data collection mechanisms,
combined with unreliable internet and intermittent power (often
reliant on solar energy), complicates the timing and execution of
content updates. Even with good internet access, servers may not
be powered on consistently, exacerbating the problem.

3https://pustakalaya.org/en/

4.1.3 Potential Solution: Tackling this challenge could be achieved
by a well-designed “resource-aware” and “priority-aware” content
update and content caching mechanism. First, the system needs to
be aware of its available resources at runtime, which includes avail-
able CPU, memory, inter-network and intra-network bandwidth,
and power. As these resources, in addition to being physically lim-
ited, also change dynamically at runtime due to internal (colocated
tasks running on the same device from different user or user groups
affecting the available CPU, memory, and storage capacity at run-
time) and external (environmental such as weather, temperature,
occlusions, etc. impacting the network signal strength and charging
abilities for solar-powered devices) factors, acquiring correct states
of technological resources at each resource-specific granularity is
necessary. Second, the community end users (in this case, the stu-
dents or teachers) should be provided with easy-to-use interfaces
for prioritizing content updates, for example to prioritize content
based on the topics included in upcoming lectures. If priorities are
not provided, the underlying system should intelligently prioritize
the contents based on historical and prediction-based approaches.
The first solution takes into account the “situated location” and
“limited resources” contexts, while the second solution integrates
the “community needs” contexts, which altogether forms a context-
aware approach to designing content update solutions.

Fulfilling all these requirements independently for each appli-
cation (for example, digital library system, interactive learning
platform, etc.) requires a system that can abstract relevant commu-
nity contexts from lower-layered hardware infrastructures (devices,
sensors) for resources and higher-layered application services for
priorities. Moreover, it also needs to work well with the intermittent
behaviors caused by the lack of connectivity or power due to loca-
tional contexts such as environmental factors. Considering these
three contexts (situated location, limited resources, and community
needs as proposed in Table 2), the system would automatically de-
cide on when and what task to schedule for updates in the optimal
way possible with best-effort andwith proper chunking, checkpoint,
and store-and-forward strategies, further detailed in Section 5.3.
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4.2 Case II: Technology Integration for
Sustainable Community Redevelopment in
the Global North

4.2.1 Background. Although developed countries situated in the
Global North generally have broader Internet connectivity, con-
nectivity can vary greatly in different locations (due to “situated
location” and “community economy” context), with rural, racial
minority, and low-income communities often facing poor or no con-
nectivity [51, 84]. This can be prohibitive for communities looking
to invest in development projects that rely on broadband access, as
the infrastructure is costly.

One such project is the “Henderson School Alumni Association
Trust (HSAAT)". HSAAT aims to revitalize the old abandoned Hen-
derson High and Elementary School property in Jackson, Georgia
in the United States, and turn it into a tech-driven center for com-
munity and workforce development4. The formation of HSAAT
and the alumni’s ongoing commitment to restoring the space is
partially driven by the historical significance of the site. Established
in the 1950s, Henderson School initially served as an all-Black pub-
lic school before later opening doors for the general public of all
colors, symbolizing a significant chapter in the community’s his-
tory. Unfortunately, the school closed in 2010, and the building and
surrounding spaces were abandoned, falling out of government
maintenance. Fig. 2a portrays the current condition of the aban-
doned space without proper infrastructure support, no Internet
connectivity, and manually controlled limited power supply for
cost savings. This highlights the intertwined relationship between
“community context” (such as their economies and needs), “situated
location”, and “limited resources”.

4.2.2 Existing Problem. One challenge local community groups
like HSAAT often face in the early stages of such projects, par-
ticularly when seeking grants, is overcoming economic barriers
(characterized by the “community” context). These barriers pre-
vent them from establishing advanced technological infrastructure,
such as servers and good Internet connectivity (resulting in limited
availability of resources or “limited resources” context), due to the
high costs involved at the early stages while funding is still being
secured. Although it would be beneficial to initiate community en-
gagement and development activities early on to gain support and
feedback, the initial investment required for this is often prohibitive.
While groups may cover some early expenses through their own
collections, this approach is typically unsustainable for the long
term, especially as the project continues to pursue grant funding.

4.2.3 Potential Solution. In such scenarios, a low-cost, locally de-
ployed OER servers (considering the community’s economies) with
services prioritized (Fig. 2b) according to the community’s needs
could be a game changer. This approach eliminates the need for
costly servers and high Internet expenses, making it a far more
sustainable solution for revitalization projects. Examining the costs
involved, only a small, low-powered computing device, costing be-
tween $100 to $500 depending on the community’s needs, would be
required, avoiding large initial infrastructure investments and elim-
inating any Internet subscription fees. Additionally, power costs

4https://www.hendersonrepurpose.com/

would remain minimal due to the use of low-powered system. More-
over, the community users can be provided with an easy-to-use
interface to input cap for the power usage/ power costs as well as
prioritize times for the system availability. The system based on
such community needs and current state of resources (compute and
power usage) can integrate low-powered solar-operated sensors
to activate the servers or WiFi access points only when necessary,
much like automated lighting systems in buildings. The idea is to
use the limited resources available to a community in the most
efficient and cost-effective way possible by better understanding
the community’s context and by putting community users in the
driver’s seat for control. Integrating a context-aware approach,
which considers the community’s socio-economic and technology
requirements through low-powered sensing and locally deployed
low-powered computing infrastructure, offers sustainable support
for the project’s long-term goals.

5 Context-aware ICT4D Design: Enabling
Technologies and Challenges

Motivated by an in-depth review of existing literature and insights
from real-world case studies (Section 4), we identify an urgent
need for a more “community-aware” approach to existing context-
aware computing systems in the design of ICT4D systems and
services. These case studies directly exposed the limitations of ex-
isting ICT4D systems in dealing with dynamic community contexts
and constrained resources. As such, they not only motivate but
also shape the formulation of our design principles by exempli-
fying how context-aware features—such as content prioritization,
runtime adaptability, and community-in-the-loop control—can be
practically implemented and beneficial. Aligning with our defini-
tion of context (Section 3), such an approach should:

• Comprehensively understand the community’s needs
and constraints: Understand the community’s internal needs
and preferences for information services, the technologi-
cal resources available for running these services, and both
community-specific and external factors that influence re-
source and service availability.

• Adopt a “community-in-the-loop” methodology: Ac-
tively involve the community in mapping their needs to the
available resources in the most efficient way possible.

• Learn and adapt to dynamic contexts: Develop systems
that can learn from and self-adapt to the evolving “contexts”
both within and across communities.

• Enhance access and reliability: Improve access to ICT
services and increase their reliability.

In this section, we outline the key principles and enabling tech-
nologies of context-aware ICT4D design, consolidating context
inclusivity, resource efficiency, system resiliency, service adapt-
ability, and extensibility into a unified framework that prioritizes
community participation and empowerment.

5.1 Design for Context Inclusivity
We posit that context-aware designs for ICT4D require the con-
texts being considered to be more inclusive and community-centric.
This can be enabled by using both manual and automated methods,
where manual methods use a community-in-the-loop approach to
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(a) Current Condition of the Abandoned School Space: The building
lacks proper infrastructure, has no Internet connectivity, and has

limited power supply to cut down costs

WiFi AP1 WiFi AP2 WiFi APn

Edge Server (IIAB, local services)

Network Switch

User 1 User 2

(b) Current Local Edge Deployment Architecture: Uses
low-powered Raspberry Pi and Wi-Fi access points

Figure 2: Case for HSAAT’s Low-powered OER Service Deployment

acquire less frequently changing community policies and priorities
while automated methods use plug-and-play interfaces for acquir-
ing more frequently changing locational and resource contexts.

5.1.1 Community-in-the-loop Policies and Priorities. To integrate
the context of community needs and preferences, the development
of easy-to-use human-in-the-loop interfaces for community users
is an essential component of context-aware ICT4D. This compo-
nent directly aligns with the human-computer interaction (HCI)
aspects of ICT4D, where interfaces must be localized to empower
community users to drive services based on their specific needs.
Factors such as adapting interfaces to local languages and incorpo-
rating intuitive visual representations enhance accessibility, making
them user-friendly for diverse communities, including low-literate
and differently-abled users. Although HCI research can further
contribute through participatory and co-design methods to make
these interfaces more community-oriented, this component focuses
on the functionalities that such interfaces should enable. These
functionalities can be broadly categorized into two key areas: user-
driven service priorities and rule-based community policies. As
seen in Case I (Section 4.1), the lack of user-driven content prioriti-
zation for OER systems led to inefficient update cycles and outdated
content. This motivates the need for community-prioritized service
configurations as part of our proposed design.

• User-Driven Service Priorities: In resource-limited envi-
ronments where compute, memory, storage, and network
resources are constrained, allocation to individual commu-
nity users must be equitable while allowing for personalized
service priorities at a fine-grained level. For instance, an
individual user could assign different priority levels to spe-
cific webpages within the same website or web application;
teachers can assign a higher priority to contents based on the
topics included in upcoming lectures (useful for cases as seen
in Section 4.1). Similarly, priorities can also be established

at a group level, where nearby users (identified through lo-
cational context or mutual agreement) form a group and
collectively define service priorities. This enables efficient
resource utilization by pooling resources for shared tasks.
For example, a group of users might collectively request a
movie download and enjoy it together, sharing their allo-
cated resources to reduce individual resource consumption
while meeting their shared needs.

• Rule-Based Community Policies: Community-wide poli-
cies can be implemented using simple rule-based conditional
logic, such as if-then-else, integrated into easy-to-use drag-
and-drop interfaces. These policies, established through com-
munity consensus, allow for shared resource management
based on collective viewpoints and beliefs. Such policies
may be coarse-grained, addressing resource allocation at
the community or group level. For example, a policy might
prioritize traffic for certain services, such as educational
(Section 4.1) or health-related applications, during periods
of limited bandwidth. In such cases, lower-priority traffic,
such as individual YouTube streams, could be temporarily
deprioritized to ensure critical services are maintained. This
approach enables community-level traffic shaping and con-
gestion control mechanisms, ensuring shared resources are
utilized efficiently and in alignment with community priori-
ties. This concept aligns with the findings from [38].

Thus, these policies and priorities can be divided into three hier-
archical levels: user, group, and community, where “community
policies > group priorities > user priorities”. Moreover, within groups,
groups with more members could be afforded higher priority than
smaller groups (“group_of_5_users > group_of_3_users” ).

5.1.2 Plug-and-Play Context Adapters. While the less frequently
changing community needs context can be acquired through a man-
ual community-in-the-loop approach, there is also a critical need
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to capture frequently changing community contexts. For example,
real-time environmental conditions and available resources provide
essential context and necessitate a more automated approach to
context acquisition. Technologies that help to acquire these con-
textual elements include low-cost sensing mechanisms (e.g., GPS,
temperature sensors, light sensors), low-bandwidth web services
(e.g., weather APIs for specific longitude and latitude coordinates),
low-level hardware utilization APIs, or embedded sensing mecha-
nisms in the hardware.

There is no strict requirement to integrate specific context sources,
as the choice of context acquisition method may vary across com-
munities. This variability highlights the need for managing multiple
adapters for different sources. Consequently, an easily integrable
plug-and-play interface is essential for facilitating context gath-
ering from various sources. Such plug-and-play context adapters
can be useful for integrating low-cost sensing mechanisms in the
scenarios discussed in Section 4.2.

• Containerization [36]: Context source adapters can be
packaged into containers along with their respective code-
bases, dependencies, expected data formats, and data parsers.

• Digital Twins [67]: A digital twin creates a virtual repre-
sentation of a physical entity, enabling continuous context
monitoring. For instance, in the case discussed in Section 4.2,
a twin can be created for traditional power control mech-
anisms using basic low-cost sensors, without requiring ad-
vanced, expensive replacements with newer controllers, thus
supporting the community’s socio-economic context.

5.2 Design for Resource Efficiency
Given the resource limitations in underprivileged communities,
one important design goal for context-aware ICT4D is the mapping
of resources to tasks with varying priorities at runtime such that
potentially limited resources are used in the most efficient and
resourceful manner. Some technologies that would enable meeting
such design goals are briefly described below.

5.2.1 Dynamic Resource Allocation across the Edge-Cloud Contin-
uum. Almost all information services we use today are powered
by the cloud, creating the need for a stable internet connection
to access them. Additionally, each service has its own Quality of
Service (QoS) requirements, such as internet bandwidth and la-
tency, to make the service usable. For instance, a typical video con-
ferencing call requires high-speed internet connectivity (latency
under 150 ms) and significant bandwidth to ensure smooth video
transitions with minimal packet loss (ideally less than 1%) [73]. In
rural, resource-limited areas with either complete disconnection
or limited connectivity (e.g., 2.5G/3G networks), such cloud-based
services often fail to function altogether (case in Section 4.1).

A relatively new paradigm, known as Edge Computing, offers an
alternative to cloud computing by enabling services to be hosted
closer to end users. While edge computing is predominantly used
today to reduce latency for time-sensitive applications such as au-
tonomous driving andmetaverse applications [66], we argue that its
principles are also well-suited for serving disconnected or resource-
constrained populations with essential day-to-day services. The

widely accepted four-layered architecture of edge computing, com-
prising mist, edge, fog, and cloud layers, provides an ideal frame-
work for underserved regions. ICT services can be hosted at any
one of these layers or decomposed and distributed across multi-
ple layers in a hybrid approach, depending on the community’s
priorities and the availability of runtime resources. This flexibil-
ity enables edge computing to dynamically adapt to the situated
and evolving contexts of underserved communities. In both case
studies, resource limitations (locally deployed solar-powered sys-
tems in Section 4.1 and cost-constrained computing in Section 4.2)
underscore the importance of edge-cloud tradeoffs and resource
allocation strategies that are both context- and priority-aware.

For example, in a community with limited connectivity, high-
priority services can be hosted locally on low-cost hardware, while
low-priority services can be accessed from higher layers when
connectivity becomes available, which is useful for periodic OER
content updates discussed in Section 4.1. Furthermore, by adopting
a multi-tenancy model similar to cloud computing, edge devices
situated at community-specific locations (schools or community
centers), can share resources, including compute, memory, storage,
network, and power. Each community member (e.g., a student) or
group of users (e.g., a class or a family) can be allocated a portion of
these resources to meet their needs. Thus, leveraging the edge-cloud
continuum as the foundational system for hosting application ser-
vices allows communities to better manage limited and intermittent
resource availability while still meeting their service requirements.

However, one major challenge lies in the dynamic nature of re-
source allocation within a community-aware edge-based system.
Unlike the static resource allocationmodels typical in cloud comput-
ing, resource availability at the edge may shift based on community
priorities. For instance, an individual user’s allocated resources
might be reallocated to support a group voting for a high-priority
task. This dynamic, community-driven approach to resource al-
location and task scheduling requires active involvement of the
community to guide the system’s operation. Designing such sys-
tems with community participation as a core component introduces
new complexities that are not present in traditional cloud comput-
ing and necessitates innovative approaches to system co-design
and governance with the community.

5.2.2 Dynamic and Hybrid ConnectionMechanisms. The connectiv-
ity aspect of ICT4D facilitates communication between entities and
actors within a community. Since connectivity can be influenced
by the locational context both across and within a community, it
is essential to consider the available connectivity mechanisms and
dynamically select the most suitable option at runtime based on
the community’s specific service needs. A community with access
to multiple connectivity mechanisms, such as limited cellular in-
ternet (e.g., 2.5G/3G), an intranet supported by local Wi-Fi mesh
networking, and local file transfers enabled by low-cost hardware
(e.g., Bluetooth, mmWave, UWB), can leverage these mechanisms
individually or in a hybrid manner to optimize resource usage.

For instance, as a potential solution for the case discussed in
Section 4.1, limited internet connectivity could be used solely for pe-
riodic content updates and refreshes, while the local intranet serves
user requests. In scenarios where users are in close proximity but
intranet traffic is congested, a hybrid approach could be adopted. In
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such cases, webpage content might be loaded via the intranet while
larger media files are transferred asynchronously using alternative
wireless methods such as Bluetooth or Wi-Fi Direct.

This dynamic and hybrid approach to serving ICT application
services, based on the community’s connectivity context, promotes
more efficient utilization of available resources. However, realizing
such an approach requires either application services to be explicitly
designed to support dynamic, hybrid connectivity mechanisms or
the implementation of middleware that can manage and handle
these mechanisms seamlessly, as further discussed in Section 6.1.

5.2.3 Distributed Caching Mechanisms. Instead of repeatedly re-
questing identical services over limited and congested internet
connections, service requests can be fetched once and cached lo-
cally, allowing community users to rely on the cached results rather
than duplicating requests for the same service within a specific
timeframe. Integrating such caching mechanisms at pervasive edge
gateways like community routers [44] has shown significant im-
provements in cache hit rates and latency for browsing web services.

5.3 Design for Resiliency
The locational context of a community, specifically its environ-
mental factors (e.g., harsh weather and climatic conditions) and
mobility patterns, can significantly impact the availability of lim-
ited resources (i.e., compute, network, power). Additionally, higher-
priority community service requests may necessitate termination
of lower-priority tasks to free up resources, resulting in service
disruptions and intermittent behavior in ICT service availability.
Moreover, resource-limited communities are often powered by in-
termittently available energy sources, such as solar panels or energy
harvesting mechanisms (soil-powered, wind-powered, etc.), or rely
on grid systems that have significant scheduled downtime, directly
impacting device availability and, consequently, service uptime.
In such cases, service requests may enter a continuous try-and-
fail loop, wasting time and valuable resources without completing
useful work.

This issue is particularly severe for long-running service re-
quests, such as large file transfers (Section 4.1), or computationally
intensive tasks like training machine learning models. These tasks
can monopolize critical resources only to be terminated prema-
turely, requiring the process to restart entirely. Addressing these
challenges is crucial for resource-limited settings to ensure both
resilient and reliable access to ICT services. Mechanisms that can
play a pivotal role in mitigating these issues include:

• Delay-tolerant networking (DTN) andCooperative com-
puting: These strategies work opportunistically and collab-
oratively across nodes, by either storing data shards locally
across networks and forwarding the useful or needed bits
only when its possible–such as when the receiving node
or its resources become available. Examples of this in the
literature include exploring opportunistic cooperative data
offload [45], message ferrying to slowly but surely get data
(and the computation it enables) where it needs to be [85],
and approaches like Serendipity, that enable mobile devices
to use remote computational resources available in other mo-
bile systems in a large local network environment. Each of
these approaches explores how to be resilient to disruptions,

how to share resources intelligently, and how to opportunis-
tically take advantage of good environments, all to speed up
computing and conserve energy. Numerous other methods
around computational offloading in mobile edge computing
are described in this survey [46]. Of course, these techniques
were not made for ICT4D contexts, and require a level of
care, and engineering, to be practicable in (for example) the
use cases we present.

• Intermittent Computing: While the prior set of technolo-
gies focus on shared computing, data, and memory across
multiple devices, intermittent computing [3] is concerned
with ensuring that local computing is highly efficient in
the face of disruptions. These approaches range from hard-
ware approaches to federate energy to ensure backup energy
is available for key tasks [15, 31], software stacks that en-
able just-in-time checkpointing of unmodified code with
low overhead [74] and full-stack operating systems [82], in-
cluding for intensive machine learning [24], to networking
approaches that enable Bluetooth LE and other low power
protocols to work despite interruptions in power of unknown
lengths [18]. Each of these approaches ensure that tasks
assigned are completed without wasting valuable energy
repeating portions of a task. These techniques are comple-
mentary to the framework in this paper, and could enable (if
extended to application) progress as long as real-time com-
munity contexts and constraints are considered, and inform
the adaptation.

As one example of a system that benefits from these paradigms,
consider a solar-powered system that experiences higher energy
availability during daylight hours but lower bandwidth due to con-
gested networks during working hours. These contrasting resource
availability patterns highlight the need for dynamic runtime adapt-
ability to balance service availability and reliability. Addressing
these scenarios requires capturing real-time community contexts
and implementing adaptive mechanisms that can respond intelli-
gently to evolving resource and connectivity conditions. The dis-
ruptions experienced in Case I (Section 4.1) due to unreliable solar
power and bandwidth fluctuations make clear the need for mecha-
nisms such as intermittent computing and delay-tolerant network-
ing to maintain reliability.

Using a context-aware ICT4D approach and integrating inter-
mittent computing and DTN strategies would improve service reli-
ability and availability. However, achieving this integration poses
several challenges. These include: 1) capturing and managing exe-
cution states dynamically to minimize task interruption (dynamic
checkpointing of program execution states) and 2) breaking down
content intelligently for efficient storage and transfer, particularly
in low-connectivity scenarios (dynamic content chunking).

5.4 Design for Service-level Adaptability and
Extensibility

The majority of the content types accessed over the internet to-
day can be categorized into four main groups: text, image, audio,
and video. The bandwidth usage for these content types largely
depends on the size of the data being transmitted. Furthermore,
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modern websites and web services are inherently multimodal, deliv-
ering outputs composed of multiple content types simultaneously.
For resource-limited communities, browsing such multimodal ICT
services using traditional synchronous, completely internet-based
approaches may be infeasible and result in service failures.

In such scenarios, adopting asynchronous and adaptive approaches
for browsing common content and media types, driven by runtime
resource availability and community needs, can significantly im-
prove service success rates. Some potential approaches include:

• Text-only browsing with “*-to-text” adaptations:When
internet bandwidth and local compute resources are con-
strained, other content types (e.g., images, audio, and video)
can be converted into text-based representations. For exam-
ple, images can be described textually, and audio or video can
be accompanied by subtitles or transcripts. This approach
enables users to access key information while minimizing
resource usage.

• Adaptive quality control based on bandwidth availabil-
ity: Content quality can be dynamically adjusted to match
available bandwidth. For instance, images and videos can be
converted to grayscale or lower resolutions, and adaptive bi-
trate streaming can be used for audio and video content [79].
These adjustments ensure that users can still access services,
albeit with reduced quality.

• Adaptive content partitioning and distributed content
aggregation: Content delivery can be optimized by parti-
tioning content and leveraging both internet bandwidth and
local compute resources. For example, an image or video
could initially be sent in a low-resolution or black-and-white
format along with its metadata. The original quality could
then be reconstructed using local compute resources in a
distributed manner. This approach balances network load
with local processing capabilities.

• GenerativeAI-based content reconstruction: Lightweight
generative AI models can be used to minimize bandwidth
requirements while maintaining content integrity. For ex-
ample, critical features of an image can be extracted and
transmitted over a low-bandwidth connection. These fea-
tures can then be used to reconstruct the image from scratch
using generative AI models deployed on local edge devices.
This distributed approach leverages local compute resources
to deliver high-quality outputs despite limited connectivity.

By providing application developers with tools to implement
such custom service-level adaptation features, developers can tai-
lor services to meet the specific needs of resource-limited settings.
Easy-to-integrate programming models for developers can facili-
tate the creation of community-context-aware application services,
while also offering extensibility to enhance the built-in adaptation
features with service-specific policies.

Fig. 3 illustrates a potential annotation-based programmingmodel
that supports various mechanisms for retrieving media content
based on real-time context. For example, as shown in Fig. 4, during
instances of low-bandwidth connectivity, a large media image can
be retrieved using the getGrayScaledAndMetadata() func-
tion, which delivers a grayscaled image alongwith its coloringmeta-
data. This approach reduces bandwidth usage by approximately

1 @Retention(RetentionPolicy.RUNTIME)
2 @Target(ElementType.FIELD)
3 public @interface ContextAwareImage {
4 String getAltText();
5 String getCompressed();
6 String getGrayScaledAndMetadata();
7 String getAdjustedScale();
8 ...
9 }
10 @Target(ElementType.FIELD)
11 public @interface ContextAwareAudio {
12 String getTranscribedText();
13 ...
14 }
15 @Target(ElementType.FIELD)
16 public @interface ContextAwareVideo {
17 String getSubtitlesText();
18 String getFrameChangeCoordinates();
19 ...
20 }

Figure 3: Context-aware annotations to support various
mechanisms for retrieving media content enabling service
adaptability features
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Figure 4: Example of an adaptive image fetching process
where a grayscaled image and its coloring metadata can be
sent separately during limited bandwidth scenarios and later
be combined to get the colored image locally

half, with the coloring process performed client-side. This method is
particularly advantageous during periods of bandwidth limitations
when adequate power supply is available. However, in scenarios
where both bandwidth and power are constrained, the system can
adapt by opting for alternative methods, such as getAltText()
(a text-based image description) or getAdjustedScale() (scal-
ed-down versions of the image), to ensure optimal service delivery
for community users based on real-time context.

Integrating such approaches empowers application services to
actively participate in and contribute to context-aware design. By
doing so, it promotes equitable access to ICT services for under-
served communities, addressing their unique needs and constraints.

5.5 Key Takeaways and Quickstart Guide
Integrating the above principles to ICT4D design would enable a
more context-aware approach to designing ICT system and services
that better understands and adheres to the unique and dynamic
contexts of resource limited underserved communities, thus im-
proving ICT service accessibility and helping to bridge the digital
divide. Given that underserved communities are characterized by
limited resources, situated locations, and unique needs, design-
ing ICT systems and services for them requires that key designs
be community-context aware. These steps were directly informed
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by real-world failures and constraints observed in our case stud-
ies, where the absence of community-tailored context-awareness
resulted in poor service sustainability. Below we briefly outline ac-
tionable steps that serve as a quickstart guide for ICT4D designers
to start applying context-aware ICT4D design principles.

(1) Context Identification & Filtering: Identify important
contexts for each community through workshops, surveys,
interviews, and participatory design methods [38]. As com-
munity needs may differ across different communities, co-
designing with the community helps in identifying and pri-
oritizing their unique needs.

(2) ContextAcquisition&Analysis:Determine possibleways
to acquire the identified contexts, either through hardware
or software solutions. Hardware-based context acquisition
involves integrating low-cost sensors to gather “situated
location” contexts, such as environmental conditions (e.g.,
weather, temperature, etc.). Software-based solutions, on the
other hand, include satellite imagery analysis and service-
level data analysis. Satellite imagery analysis helps gather
“situated location” contexts (e.g., available infrastructures
such as communication towers, solar panels, etc.), while
service-level analysis provides insights into service resource
usage, access patterns, and community contexts in terms of
user policies and priorities.

(3) Context Modeling: Model the acquired context in a way
that is extensible–changes to the context structure (e.g. con-
text metadata) should be easy to integrate. Using flexible data
stores without strict relational structures such as key-value
(KV) stores enables context extensibility.

(4) Contextual Reconfiguration: Enable community users to
reconfigure the system based on shared values or policies,
supporting “community-in-the-loop” design capabilities.

(5) Contextual Adaptation: Ensure that the system can au-
tomatically adapt to changing environmental, runtime re-
source, or community contexts. This can be achieved using
a middleware system design (Section 6.1) with an inherent
context monitoring component and feedback loop mecha-
nisms to observe contextual changes, quickly determine an
optimal balanced state, and trigger necessary adaptations.

(6) Context Presentation and Interface: Abstract the un-
derlying technical details while presenting an easy-to-use
interface for end users to retrieve information or reconfigure
service policies. The design of such user-facing interfaces
should focus on reducing cognitive overhead and the tech-
nical burden on community users. Design strategies may
include integrating support for local languages, voice-based
interfaces, and simple interfaces with limited visual elements
for reconfiguration.

(7) Context-based Triggers: Integrate triggers based on con-
textual reconfigurations or sudden changes in conditions
that require recording and notifying ICT4D designers for
manual intervention and further co-design.

6 Discussion and Future Works
Context-aware ICT4D design presents three main challenges: 1)
the implementation of such systems, 2) adaptation to unexpected

rapidly changing conditions, and 3) ensuring the sustained use
of context-aware systems. In this section, we discuss potential
solutions and strategies to address these challenges.

6.1 Middleware Architectures
The implementation of a context-aware system for ICT4D that
adheres to the design goals stated in Section 5 and integrates with
existing technologies requires careful consideration. ICT4D systems
are often designed for and/or tailored to the specific needs of a
single community, but designing systems optimized for individual
communities is often time- and resource-intensive, impractical, and
lacks scalability.

These challenges highlight the need for innovative design mech-
anisms that can capture and adapt to a community’s contextual
nuances with minimal effort. Such mechanisms must intelligently
balance “automated” approaches with “community-in-the-loop”
methodologies. Middleware architectures integrated with existing
edge-based systems deployed at local communities present a promis-
ing solution for achieving “community-context-awareness” in a
more generalizable and scalable manner. Middleware solutions pro-
vide flexibility, facilitates seamless integration with application
services, and optimizes service provisioning decisions, thereby en-
abling sustainable and efficient ICT4D solutions.

Figure 5a illustrates a potential middleware-based architecture
for integrating context-awareness, while Figure 5b details its overall
workflow for a dynamic content adaptation use case (Design 5.4).
The middleware architecture sits on top of existing sensors, hard-
ware, and operating system, whereby it acquires lower-level re-
source contexts using the Monitor adapter, and integrates and pro-
cesses community needs context using the Context Engine. The
system periodically combines community’s needs context with its
historical service usage data and applies learning mechanisms (such
as federated learning) to better understand service needs. As execut-
ing such learningmechanisms is costly in terms of time and resource
usage, its execution period is decided dynamically by the Optimizer
based on the optimal resource availability and environmental con-
texts. During service requests at runtime, these optimized context
(both runtime resources and currently recommended community
needs) are used as input to theDispatcher which adds these contexts
to the service request. On the application/ service side, using exten-
sible programming models and service-level adaptations provided
as library/ toolkit (as proposed in Section5.4), these contexts can
be further parsed by the service and service-level adaptations can
be applied while sending back a response.

6.2 Asset-based Design
This work draws inspiration from asset-based community de-
sign [81], where the design considers the community’s available
technological resources as the core asset and aims for its optimal
usage to fulfill the community’s burning ICT needs. However, we
adopt a broader definition of assets and consider infrastructure that
promotes development such as roads, community centers, and li-
braries as additional community assets. Integrating such infrastruc-
ture into our context-aware design for ICT4D further complicates
the design and requires a way to map the presence of such infras-
tructure to the community’s needs and their technological resource
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Figure 5: Middleware Architecture and Service Adaptation Workflow

allocation. For example, a context-aware system in a community
with well-maintained roads and transportation infrastructure to
nearby community centers or village stations that are equipped
with computers may enforce users to travel there for large file
transfers rather than utilize limited intranet link bandwidth.

Although such scenarios could be managed by a system that
relies on a community’s policies with rule-based mechanisms, di-
rectly mapping the physical and geographic infrastructural assets
of each community at real-time could enhance the design. One way
to achieve this is to utilize crowd-sourced mapping and open-data
platforms such as Google Maps and regulatory satellite imagery
to identify the presence of external infrastructures, such as roads,
hospitals, and community centers. Local government websites and
datasets such as census reports can provide further insights on
internal infrastructures, such as the number of personal comput-
ers in community centers. Moreover, there is an opportunity for
researchers and HCI practitioners to design community-friendly
interfaces for documenting such infrastructural assets in a manual,
participatory way.

6.3 Effective Partnerships and Community
Co-design

Environmental and runtime contexts might change rapidly (within
minutes) which can be addressed through integrated sensing and
technologies that enable adaptability. Similarly, evolving community-
needs can be addressed by incorporating reconfigurable capabilities,
such as community-in-the-loop policies. However, unpredictable
and rapidly changing conditions–such as those caused by political
instability, power dynamics, or natural calamities–may arise . While

adapting to such rapidly changing conditions can be partly han-
dled through community-in-the-loop reconfiguration by redefining
and establishing new policies, these situations may require careful
consideration. To address such scenarios, the design should include
built-in features that allow communities to easily identify and com-
municate such needs to the ICT4D designers. Depending on the
specific impact of these changing scenarios, which will vary across
communities, both the community and ICT4D designers can then
come together to further introduce new policy engines that best
address these rapid and unexpected conditions. Such policy engines
can also be designed as modular extensions, enabling other commu-
nities facing similar scenarios to reuse them effectively, promoting
reusability and sustainability.

A core tenet of our approach to context-aware design is the im-
portance of designing for communities. Therefore, it is essential to
ensure that context-aware systems incorporate community pref-
erences and accommodate for sustained use based on community
knowledge and resources. This requires intentional implementation
and maintenance of such solutions, demanding equal participation
from local community members, technical experts, community
partners, local and international project partners (such as INGOs,
NGOs), economists, research partners, etc. Approaches that would
enable amore sustainable context-aware ICT4D design include: inte-
gration of open-source technology development practices allowing
for others to contribute towards better software maintainability,
participatory workshops and co-designing with the community
to train them on how to best benefit from the enabled services,
community trainings for debugging and maintaining community
technological infrastructure, etc.
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Developing and deploying systems using such a context-aware
ICT4D approach should be further explored and its impact on long-
term, sustained use by the target communities needs to be studied.

6.4 Future Work
This work highlights several opportunities for future research to
enable the realization of context-aware ICT4D. The concept of
“community-in-the-loop” policies and priorities remains underex-
plored and requires significant contributions from both systems
and HCI research domains. Designing systems that balance indi-
vidual, group, and community needs while incorporating dynamic,
community-driven decision-making processes presents unique chal-
lenges. Developing intuitive interfaces and robust frameworks to
support this collaborative approach will be critical for advancing
ICT4D in underserved communities.

Additionally, the resource overhead and practicality of plug-
and-play approaches, as described in Section 5.1.2 require further
investigation. The chosen approach should balance acceptability in
terms of resource constraints while aligning with the community’s
preferences and needs. Future research should focus on identify-
ing solutions that are both efficient and adaptable to the specific
contexts of underserved communities.

7 Conclusion
This position paper re-envisions context-aware computing for ICT4D
by transitioning from an individual-focused model to a community-
centric approach. We redefined context in ICT4D as the interaction
between location, community needs, and resource availability, high-
lighting the importance of adaptability in resource-constrained envi-
ronments. By examining real-world case studies, we illustrated how
context-aware design can enhance digital inclusion and sustainabil-
ity. Our proposed framework incorporates community participation,
flexible resource management, and resilient service adaptability
and extensibility strategies to improve ICT accessibility. However,
challenges such as scalability, efficient implementation and deploy-
ment, and participatory design remain. Future research should
explore adaptive solutions and collaboration to ensure long-term,
community-driven ICT advancements. This work contributes to
narrowing the digital divide by making technology more accessible
and equitable for underserved communities.
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