Offline-First Decentralized Architectures for Digital Communication and Services in Low Connectivity Environments: A Systematic Review







ABSTRACT:
Quality internet access remains a problem in most rural, disaster-impacted, and infrastructure-limited areas thereby restricting the utility of traditional digital services. This work examines the feasibility of opportunistic networking architecture supporting offline-first decentralized digital services in such areas.
Using the PRISMA framework, this review identified five architectural areas that the papers reviewed focused on: delay-tolerant and opportunistic networking, offline-first application design, decentralized storage systems, hybrid cloud-edge models, and offline payment systems. While each area addresses service delivery under poor connectivity, there are no architectural models that combines communication, storage, synchronization, and transactional functionality into a consistent service stack. This review concludes that the field is technically fruitful but architecturally diverse, hence, future research should focus on combining these various architectures to produce architectures or models that can serve people in these low connectivity environments.
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1. INTRODUCTION
Quality internet access and reliability is still a major problem in the 21st century and is widely unavailable to a significant percentage of communities across the world. Rural, disaster-impacted and infrastrucutrally challenged environments have been constrained to access essential digital services, which can be deemed as vital social amenities. This is because conventional internet-based systems are modelled to support persistent, low latency connection between users and centralized digital platforms servers offering these services. This architecture causes major problem for these environments because they experience prolonged outages, or complete disconnection [Pansera et al., 2024]. 
Attempts such as mobile ad-hoc networks and peer-to-peer systems were made to reduce the reliance on fixed internet infrastructure, enabling individual nodes to communicate with each other without central coordination. However, they failed to work in situations where disconnections extended over long periods of time. Delay Tolerant Networking introduced the store-carry-forward paradigm and provided a more tangibile solution to deal with the intermittent connection issues. This principle is now a key central study for enabling service provision in these low connectivity environments and thereby been expanded upon by other research works. DTNs aside, other notable research in neighboring disciplines have evolved and contribute to solving this problem. Offline-first application patterns where local operability is more important and synchronization is not a continuous process, but an eventul one; Dectralized storage systems, particularly content-addressed retrieval storage systems are being considered for hosting and verifing data withoug relying a single auhoritative server; Hybrid architecture research addressing feasibility of combining offline independent operations with global internet infrastructure; Offline payment structures and transactional systems looking for the possiiblity of financial exchange with no access to real-time networks.
However, in spite of this research, the literature never arrived at a single solution to the practical challenge: how can a community whose internet connectivity is intermittent or absent have coherent collection of digitial services: communication, media sharing and commerce without expecting consistent low latency connectivity with central servers? The different studies focus narrowly on either routing efficiency, messaging, storage, or synchronization in isolation, and only a few integrate these technologies to provide useful digital services within a unified architecture for low-connectivity environments.
This paper is a systematic review of recent studies in these five areas, evaluating the state of architectural knowledge, identifying structural gaps and suggesting future integrations. The rest of the paper is organized in the following manner. Section II includes the literature review, giving both background and a summary of every work reviewed. Section III outlines the review methodology, including research questions, the search strategy, inclusion and exclusion criteria. Section IV reports and discusses the results gotten from the papers selected and reviewed. Section V is the conclusion of the review that summarizes the finding and gives recommendations for further studies.
2. LITERAUTURE REVIEW
The issue of digital service delivery in restricted network environments has a rich intellectual history. Early research on mobile ad-hoc networks (MANETs) investigated device to device communication without a central infrastructure, however these protocols stated that the nodes did not travel too far or spend enough time at each particular location to allow a communication to occur. This caused failures in sparse, mobile or geographically dispersed environments where contacts are short lived and sporadic. Delay-Tolerant Networking (DTN) was developed as an answer to this constraint and formalized the store-carry-forward model under which a node stores a message on the local node, physically transports it across space, and forwards it when it gets in contact with another node [Sachdeva and Dev, 2021]. This model was originally proposed for deep-space communications but was eventually generalized for low-connectivity environments on earth, for cases such as disaster response, rural education and vehicle networks. Similar advances in software engineering proposed the philosophy of offline-first, where a software platform or application is based on the logic that it should be developed in a way where it can be used in a disconnected state, with synchronization being an eventual process and not an immediate one (as client-server based models demand) [Agbeyangi and Suleman, 2024]. Notably, the emergence of decentralized web technologies, specifically peer-to-peer storage systems, such as IPFS, provided the means of hosting and accessing web content without a canonical need for a centralized web server [Trautwein et al., 2022]. The intersective nature of these key areas has emerged as a rich field of research, but no comprehensive integration of architecture at all levels has been achieved.
2.1 Individual Paper Review
Sachdeva and Dev (2021) give an overview of routing protocols in opportunistic networks, including Epidemic, Direct Delivery, Spray-and-Wait, ProPHET, the tools used in the research fields such as NS-3 and ONE simulator as well as trade-off of the network models such as delivery rate, overhead and buffer usage.
Sandoval and Radenkovic (2025) introduce AmazonNetLink that is a DTN-based system aiming to provide educational materials to remote Amazonian communities by means of river boats and bicycles as intended mobility carriers. It is characterized by a practical orientation of deployment and proving the fact that opportunistic routing could be implemented to fit the topographical and logistical constraints of reality. ProPHETv2 is known to provide a desirable trade-off between the rate of delivery and overhead in the river-network mobility model.
Tao and Radenkovic (2025) introduce ML-MaxProp, which is based on MaxProp routing algorithm and uses machine learning to enhance relays selection in the post-disaster DTN environment. Although the protocol sounds promising, it was mainly trained and used in a simulated environment and does not capture real-world heterogeneity.
Slameta et al. (2022) develop a prototype desktop communication application based on DTN architecture. The article adds a practical implementation viewpoint and investigates the viability of DTN-based messaging in a controlled prototype setting. However, the paper is only limited to communication functionality, without storage and synchronization integration.
Martín-Pascual and Andreu-Sánchez (2023) report on practical field deployments of mesh opportunistic networks, which look at real world performance characteristics that have not been well modeled in a simulation environment. Their work highlights the feasibility of Mesh OppNets serving as good alternatives to current telecommunication infrastructure.
Agbeyangi and Suleman (2024) systematize the design of an offline storage pattern of software systems in low-resource network settings. They present four-stage architecture: pre-population, local operation, update and post-population where the application is fully functional in disconnected mode and only becomes synchronized on reconnection. This paper gives one of the most coherent application-layer schemes in the literature reviewed.
Umar and Argungu (2025) investigate the concept of offline-aware mobile learning solutions in areas with low connectivity and how educational material can be packed and made available in areas without network connectivity. Their study shows that the principles of offline-first can be utilized in a particular high-value service field and provides empirical assessment in low-resource classroom settings.
Guda (2025) implements an offline-first Android-based chat application, demonstrating how local storage and background synchronization mechanisms can be used to maintain messaging continuity even during periods of disconnection. This contribution helps bridges the gap between abstract offline-first design patterns and a real-world digital communication service.
Trautwein et al. (2022) present a detailed design and evaluation of IPFS as a storage layer for the decentralized web. Their analysis covers performance characteristics including retrieval latency, replication behavior, and content addressing mechanics. The work provides foundational evidence of IPFS viability for distributed content hosting but assumes eventual internet reachability, limiting its direct applicability to fully offline scenarios.
Diwate et al. (2023) present an implementation of a web hosting platform based on IPFS principles but in a decentralized form, exploring how it is possible to deliver content without the centralized hosting party. The work adds to the knowledge of decentralized storage implementation but lacks the behavior in the fully disconnected condition, as well as opportunistic content propagation between physically proximate devices.
Maulana et al. (2025) investigates IPFS as a solution for building secure and decentralized websites in Web 3.0, with emphasis on integrity verification and reduced reliance on centralized infrastructure. The work extends prior IPFS assessments but similarly assumes stable internet connectivity for access to said websites.
Trakadas et al. (2022) provide a reference architecture of cloud-edge meta-operating systems that assigns the computation and storage tasks to heterogeneous edge devices coordinating the system continuum when there is connectivity. Although this architecture was not created with low-connectivity rural communities in mind, it shows that it is possible to combine decentralized operation with centralized operation in a principled framework.
Zhao and Fujita (2025) consider the problem of Byzantine fault tolerance in decentralized peer-to-peer systems based on the implementation of an Hashgraph-based consensus mechanism deployed at the network level. Their work deals with the issue of consistency and fidelity across distributed nodes without a central authority, which serves to add to the security aspect of decentralized architectures.
Kurt et al. (2023) introduces a system called LNMesh, a system that allows offline Bitcoin Lightning Network payments over community wireless mesh networks using Bluetooth Low Energy and Wi-Fi mesh links. The expreriment proves that financial transactions can occur without the use of the internet, however final settlement and channel management require eventual reconnection to the online Lightning Network.
Zichichi et al. (2023) introduce a system (InDaMul) which makes use of smart contracts and decentralized ledger technologies in order to reward the behavior of data mules in opportunistic networks. The system attempts to solve the cooperation incentive problem in the voluntary opportunistic routing by rewarding nodes that carry and forward data, thus incorporating economic incentives into DTN-based communication. 
Sravan et al. (2024) have surveyed partial offline payment frameworks supported by Internet of Things infrastructure, including NFC-based transfers, overlay SIM channels as well as server-assisted transaction frameworks. Their examination shows that most of the available off-line payment systems are not fully off-line and must use some background connectivity to coordinate, settle or prevent fraud.
Dittrich et al. (2025) examine distributed transaction networks for digital commerce, exploring architectures that extend transaction capability beyond centralized platform dependence. The work addresses the broader commerce lifecycle but does not fully specify offline-first operation without eventual server coordination.
Costa et al. (2022) explore the topic of human-aware opportunistic communications to deliver content efficiently, examining how human mobility pattern can be used to increase the likelihood of the message delivery in opportunistic networks. The article focuses on the significance of social context and mobility modelling in DTN routing design.
Mohaisen and Joiner (2023) study delay-tolerant networking in connectivity-aware routing for vehicular and wireless sensor hybrid networks and show that DTN can be applicable in mobile infrastructure settings.
Niebla-Montero et al. (2025) design, implement and evaluate multi-hop peer-to-peer communication using opportunistic communications protocol over Bluetooth mesh and libp2p, proving that multi-hop peer-to-peer communication is feasible without the use of IP-based infrastructure. This work provides one of the few practical link-layer implementations for offline-first communication.
Rosmaninho et al. (2024) examine edge-cloud continuum orchestration for critical services in smart city contexts, contributing architectural insights into how edge devices can autonomously manage services while coordinating with central infrastructure when available.
Nunez et al. (2020) present a model-based approach to native mobile application development with a data-centric focus that offers a design methodology to offline-capable mobile systems that focus on local data management and designed synchronization. 
Rehman et al. (2020) discuss selfishness in vehicular delay-tolerant networks, including how selfish node operation can negatively affect cooperative routing, incentive mechanisms and highlight trust frameworks as possible solutions. The paper identifies the importance of including embedded model of trust and cooperation among DTN structures.
Pansera et al. (2024) examine the infrastructural conditions underlying digital inequality and degrowth, providing a sociotechnical framing of why low-connectivity communities remain underserved by conventional internet-dependent service models and motivating the broader research agenda this review addresses.
3. METHODOLOGY
This paper is organized in the form of a Systematic Literature Review (SLR) in accordance with PRISMA (Preferred Reporting Items for Systematic Revies and Meta-Analyses) guidelines, implemented in the context of hybrid decentralized and delay-tolerant systems for digital service delivery in low-connectivity environments. 
3.1 Research Questions
This review is framed by three questions: 
· RQ1: Which architectural models have been suggested to support the sustainability of digital services within environments with constrained or intermittent connectivity?
· RQ2: How do current systems behave and perform in regards to communication, data storage and state synchronization when under delay-tolerant or offline-first constraints?
· RQ3: What are the structural constraints and under-researched gaps of the current hybrid decentralized network research?
3.2 Search Strategy
Search was done in Consensus and Google Scholar through the use of electronic databases. The query structures in the Boolean style were used to combine terms ranging across opportunistic networking, hybrid decentralized architecture, offline communication and constrained-connectivity service delivery:  (“delay tolerant network*” OR “DTN” OR “opportunistic network*” OR “MANET” OR “mesh network*” OR “community network*” OR “IPFS” OR “P2P” OR “blockchain”) AND (“architecture” OR “edge computing” OR “offline” OR “offline-first” OR “intermittent connectivity” OR “disconnected operation” OR “store-carry-forward”) AND (“rural” OR “disaster” OR “education” OR “e-commerce” OR “digital services”). 
The inclusion criteria were topical relevance, peer-reviewed publication, and publication date, 2020-26. After the screening of the abstracts and the comprehensive evaluation of the eligibility to the final sample on a full-text basis, twenty-four studies were chosen to be synthesized.
3.4 Inclusion and Exclusion Criteria
Inclusion criteria:
· Topically relevant to offline-first design, DTN, opportunistic networking, decentralized storage, hybrid edge-cloud models, or offline payment systems
· Peer-reviewed journal articles, conference papers, or credible preprints (arXiv)
· Published between 2020 and 2025
Exclusion criteria:
· Studies focused exclusively on high-connectivity or infrastructure-rich environments with no relevance to constrained connectivity
· Studies published before 2020
· Duplicate publications or papers without methodological content
· Works not available in English
3.5 Screening and Selection Process
An initial set of candidate papers was identified through the search queries. Abstracts were screened for topical relevance against the inclusion and exclusion criteria. Papers passing abstract screening were retrieved in full text and assessed for eligibility based on their architectural contribution, methodological rigor, and relevance to the research questions. Following full-text evaluation, 24 studies were selected for synthesis. Papers were then coded thematically and assigned to one or more of five identified research strands for structured analysis.
4. RESULTS & DISCUSSION
The twenty-four studies constitute the entire review period (2020-2025), but it is noticeable that an increased number of publications were written in 2025. This trend holds that in recent years, there has been an interest in resilient digital infrastructure research, which could be feasibly due to the increased awareness of the connection inequality and the operational constraints of service models that rely on the cloud. The literature has no known thematic focus to a dominant architecture. It is possible to identify five overlapping research strands, including DTN and opportunistic routing, offline-first application design, decentralized storage, hybrid edge-cloud orchestration, and offline payment systems. 
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	2
	1
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Table 2 Taxonomy of Opportunistic and Offline-First Architectures
	Theme
	Focus
	Common Limitations
	Related Works

	DTN/Opportunistic Systems
	Store-carry-forward communication, routing under intermittent contact
	Often routing-focused; 

Weak service-layer integration
	Sachdeva and Dev, 2021; Sandoval and Radenkovic, 2025; Tao and Radenkovic, 2025; Slameta et al., 2022; Martín-Pascual and Andreu-Sánchez, 2023

	Offline-First Design Patterns
	Local storage, delayed synchronization, offline operation models
	Often weak on network-layer implementation details
	Agbeyangi and Suleman, 2024; Umar and Argungu, 2025; Guda, V. (2025).

	Decentralized Storage / IPFS Systems
	Content-addressed storage, distributed content hosting, peer-based retrieval
	Limited low-connectivity evaluation; often assumes eventual internet reachability
	Trautwein et al., 2022; Diwate et al., 2023; Maulana et al., 2025

	Hybrid Cloud-Edge / Gateway Models
	Coordination between edge devices, gateways, and central services
	Often broad and not tailored to offline community service delivery
	Trakadas et al., 2022; Agbeyangi and Suleman, 2024; Zhao and Fujita (2025)


	Offline Payment / Transaction Systems
	Mesh-based payments, IoT-assisted offline transactions, delayed settlement
	Often partially offline, infrastructure-dependent, or narrowly scoped
	Kurt et al., 2023; Zichichi et al., 2023; Sravan et al., 2024; Dittrich et al., 2025



The following section discusses the findings and analyses current literature in regards to providing digital services using hybrid decentralized & opportunistic networks.
4.1 Architectures for Providing Digital Services in Low-Connectivity Environments
As the DTN research defines, store-carry-forward paradigm is the most consistently developed architectural model that the reviewed literature provides. In this model, data transfer is not preconditioned by end-to- end connectivity. Messages are sent to nodes locally, and swapped where a physical proximity provides an opportunity to create contact and routed progressively to the destination across a sequence of intermittent hops [Sachdeva and Dev, 2021; Sandoval and Radenkovic, 2025; Tao and Radenkovic, 2025]. The strategy is well adapted in the case of mobile or sparse environments with no guaranteed sustained links or nodes themselves acting as the communication medium of delivery. In this paradigm, there are significant differences in the way of implementation. Some designs are wholly peer-driven, and rely on spontaneous encounters between devices. Others add controlled infrastructural components, such as specific relay nodes, mobile data ferries, or access points to gateways to enhance predictability on the side of the delivery. An example of the latter method is AmazonNetLink, where river boats and bicycles serve as planned mobility carriers in a DTN-based model built with the explicit goal of delivering educational content to rural areas [Sandoval and Radenkovic, 2025]. This illustrates that opportunistic routing is not limited to the abstract simulation. Such a network routing mechanism (DTNs) can be implemented according to the logistical and topographical realities of a specific community.
Offline-first software architecture is a unique architectural focus that starts at an application layer instead of a network layer. Instead of inquiring how messages can pass through a broken route, these designs inquire about how software programs ought to act when there is no route whatsoever. Agbeyangi and Suleman (2024) specify this as a four-phase storage pattern consisting of pre-population, local operation, update and post-population where the application remains fully functional in disconnected mode and synchronization is only maintained when the connection is restored again [Agbeyangi and Suleman, 2024]. The mobile learning systems use similar reasoning in the delivery of educational content using stored data and caching materials to maintain continuity of the service when a live network connection is not available [Umar and Argungu, 2025]. Even though the network-layer integration is underspecified, this change in thinking is a significant conceptual contribution to helping solve the problem of service delivery in low connectivity environments.
The third architectural pattern is based on decentralized storage, where most focus goes to IPFS-based systems. In content-addressed retrieval, where information is found by cryptographic identifier of its contents and not a URL on a server, a canonical host is not required. This architecture enables the storage of the information in a distributed, redundant manner among the participating nodes [Trautwein et al., 2022; Diwate et al., 2023; Maulana et al., 2025]. These systems are good in ensuring that there is a good guarantee of data integrity and provide deduplication across the network. Their weakness, applicable to this current review, is that they were primarily developed to support decentralized access to the web, as opposed to supporting communities functioning without a stable internet connection. The retrieval mechanisms presuppose that the content can be eventually accessed, by a means of some path, as opposed to the content moving opportunistically across physically proximate devices. 
Lastly, we have hybrid cloud-edge architectures, which involves a planned combination of local autonomous operation with a centralized coordination in case of connection availability. According to Trakadas et al. (2022), a meta-operating system is one that allocates computation and storage tasks to heterogeneous edge devices and only coordinates the entire system continuum [Trakadas et al., 2022]. Though rural digital services were not intended to be implemented using such architectures, they serve as a important contribution to solving the problem since they illustrate how decentralization and centralization do not have to be considered mutually exclusive. Practically, the most deployable systems can be ones that maximizes local autonomy and opportunistically consumes centralized services but not necessarily relies on them.
4.2 Communication, Storage and Synchronization in Delay-Tolerant Systems
Of the three dimensions analyzed within the framework of Delay-Tolerant, the literature of communication is the most extensive and technically advanced. The prevailing strategies: Epidemic, Direct Delivery, Spray-and-Wait, ProPHET, and MaxProp, vary mainly in their aggressiveness for replication, the utility of contacts estimation, and their approach to the controlled use of limited buffer space [Sachdeva and Dev, 2021]. Particularly relevant are ProPHET and MaxProp. These algorithms go beyond naive flooding, with the former one basing its estimates on historical patterns of encounters to determine the likelihood of the message being received, whereas the latter basing its priorities on the likelihood of the message being received. The comparative analysis of AmazonNetLink reveals that ProPHETv2 provides a fair trade-off between the delivery rate and overhead in a river-network mobility case [Sandoval and Radenkovic, 2025]. ML-MaxProp expands this line of thought and incorporates machine learning into the selection of relays, however it is still a simulation-based method and opens the question of computational complexity on very limited hardware [Tao and Radenkovic, 2025]. At the physical layer and link layer, the work examined shows that peer-to-peer communication can be technically supported without a need for IP-based infrastructure. Niebla-Montero et al. (2025) demonstrate that libp2p can be used over the Bluetooth Mesh, which allows a short-range multi-hop communication in the situation when the TCP/IP connectivity is completely unavailable [Niebla-Montero et al., 2025]. In a similar fashion, Kurt et al. rely on the BLE and Wi-Fi mesh links to build offline Lightning Network payment channels in a local community mesh [Kurt et al., 2023]. Even with the practical limitations: bandwidth, range, and complexity of configuration being acknowledged, these works demonstrate that the foundations of link-layers in offline-first communication exist and work under prototype conditions. 
The approaches of storage examined in the literature can be grouped into three main categories. DTN nodes store messages not only as transient cargo, but locally until the forwarding is possible. This facilitates the routing model, but it does not offer any stability other than the persistence of the node itself. Application-layer caching is used to load or even store content beforehand that will be used in an offline-first architecture in cases of a disconnection. This is supportive but does not deal with the issue of content distribution over a network directly. Decentralized storage based on content addresses offers good integrity and guarantees of replication, but does not indicate how or when content ought to flow across a physically interrupted network. 
The least developed of the three dimensions is Synchronization. In DTN-based research, synchronization is normally implicit: the delivery of messages forms the synchronization event, and no additional coordination logic is defined [Sachdeva and Dev, 2021; Sandoval and Radenkovic, 2025]. Offline-first design work offers a higher degree of structure, clearly separating between local updates (when there is no connectivity) and upstream updates on reconnection [Agbeyangi and Suleman, 2024]. It is noticed that the most acute problem in the area of synchronization in DTNs caused by payment systems. LNMesh Offline Lightning transactions are based on pre-funded payment paths and must eventually reconnect to the online internet to complete a transaction, update routing tables, or open new channels [Kurt et al., 2023]. Survey of research on offline payment systems proves that this trend is widespread. Majority of the solutions are partially offline and need background server coordination, overlay SIM infrastructure, or additional connectivity channels to operate reliably [Sravan et al., 2024].
4.3 Noticeable Limitations and Research Gaps
There are several structural gaps present across the literature examined and are worth considering in more detail since collectively, they establish a comprehensive outline of what the field has accomplished and what it has not.
The most common shortcoming is Application Layer research. A significant portion of the literature is able to show that information is able to traverse under interrupted network conditions. The routing protocols ensure message delivery, mesh links transmit payloads and content identifiers resolve across distributed nodes. Far less literature describes the behavior of systems above the network layer, the behavior of user interfaces in case of disconnection, the behavior of data models in the case of simultaneous local edits, conflict resolution policies, and service semantics to be preserved across reconnection events [Sachdeva and Dev, 2021; Costa et al., 2022; Tao and Radenkovic, 2025]. This difference between the feasibility of transport-layers and the usability of service-layers is a major difference since the latter is what is used by actual people.
Real-world applicability is also limited. The methodology sections are dominated by simulation environments like The ONE and NS-3, which provide the benefit of being controllable and reproducible but with the downside of lacking ecological validity. The literature does include field deployments and prototype trials, i.e., mesh communication tests in the rural area [Martin-Pascual and Andreu-Sanchez, 2023] & offline learning tests in low-resource classrooms [Umar and Argungu, 2025], however there 2 concepts tested here are in relative isolation. Real world deployments tend to identify constraints that are not visible to simulations e.g power fluctuations, device diversity, user behaviour under load and logistical challenges of operating distributed infrastructure
Integration between the three main dimensions (communication, storage and synchronization) remains uncommon. Research which develops on routing do not study how data should be stored between disrupted networks; works that formalize offline store patterns do not specify how data is to flow in disconnected networks; works that study decentralized content hosting do not specify routing under disruption. This fragmentation is a reflection of how research communities have been organized and not how an expression of how real-world problems are organized. A community that is in need of offline services must have the three dimensions working together. 
Notably, security and trust concerns are recognized throughout the literature but are seldomly incorporated in architectural proposals. Transaction studies view verification and trust as a key design concerns, since finality and non-repudiation are essential for assurance of payments [Kurt et al., 2023; Zichichi et al., 2023; Sravan et al., 2024]. Despite this, general networking research works simply make mentions of selfishness in node operation, resource misuse, and cooperation incentives without linking these considerations to a wider service architecture [Rehman et al., 2020]. This lack of built-in trust models is a serious gap for any system that is supposed to be used to facilitate real-life commerce, civic services, or sensitive information exchange. 
Lastly, offline digital commerce is not architecturally developed. The current state of payment and transfers works has a limited scope to particular stacks: NFC-based transfers, mesh-layer Lightning channels, and IoT-assisted settlement. There is no mention of a generalizable commerce layer, which would be used to support the entire transaction lifecycle: browsing, ordering, payment, fulfilment, and post-transaction reconciliation under intermittent connectivity [Kurt et al., 2023; Sravan et al., 2024]. These individual building blocks are valuable but not sufficient to constitute an integrated commerce architecture.
5. CONCLUSION
In this review, 24 studies on opportunistic networking, delay-tolerant communication, offline-first application design, decentralized storage, hybrid cloud-edge orchestration, and partially offline transaction system were reviewed with the intention to characterize the state of architectural knowledge on the delivery of offline-first decentralized digital services. The data indicates that the technologies of each individual field are in a fairly good condition. “Store-carry-forward” in DTN networks is well known and has a well-established routing literature. Delayed synchronization and local-first storage have formalized reusable design patterns. Decentralized storage particularly content-addressed (IPFS) already provides high integrity and decreases reliance on a host center. And evidence shows that offline transactions are possible within specific architectural limits. However, what is still lacking is the architecture that combine these components together. The combination of delay-tolerant communication, local-first data persistence, synchronization logic, and transactional capability into a single deployable system to support the low-connectivity communities is so uncommon that it is virtually unseen in the literature. Real-world assessment is also very limited. Most technical proposals are still do not take into primary consideration security, trust, incentives and user-centered design constraints. The most fruitful line of the future research would be the design of hybrid decentralized systems that: maintain service availability at the local level by offline-first application patterns; distribute content opportunistically by using routing based on DTN concepts; maintain data integrity and deduplication using content-addressed storage; and enforce reconciliation to state eventually by providing gateway or synchronization functionalities once internet connections become available. These systems would be a significant move from just remote technical competence to useful digital infrastructure on communities that are still under-served by existing internet-dependent models.
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