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Abstract 

As modern computing has evolved toward global distributed architectures, 

consistency maintenance across diverse data has become a fundamentally different 

challenge. The ACID properties of traditional transactional models do not meet the 

availability and performance requirements of large distributed integration systems. 

The transition from strong consistency to eventual consistency model is the subject of 

this report. The paper explores the theoretical underpinnings of the CAP and PACELC 

theorems, which depict the fundamental trade-offs between consistency, availability, 

and latency in the presence of network partitions. The technical mechanisms through 

which states converge are the focus of this discussion. The three important 

mechanisms that help achieve states converge are anti-entropy gossip protocols, 

logical vector clocks, and Conflict-Free Replicated Data Types (CRDTs). Moreover, 

the analysis studies enterprise integration patterns i.e. EDA and Saga patterns that 

enable long-running transactions without the need for global locking. The difficulties 

of heterogeneous data integration, particularly the structural and semantic variations 

in data, are also addressed in the research. The paper concludes that although eventual 

consistency may add architectural complexity, academic research and industrial 

implementations have demonstrated that it can be a viable solution for data integrity 

in distributed systems with high availability. 
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Introduction 

The architecture of information systems has transformed drastically in recent decades from isolated monolithic applications to a 

highly distributed interconnected system. This evolution is caused by the need for unprecedented scale; systems now need to 

process trillions of requests across widely distributed nodes. System architects in such environments strives to achieve low-

latency responses for users while maintaining reliable and consistent underlying data. As these systems get bigger, events low 

probability events such as network partitions, hardware failures, and large latency become statistical certainties. You need to 

treat them at ground zero, designing your system with these in mind. 

Traditionally, managing data relied on ACID principles according to which every transaction moves the database from one valid 

state to another. ACID is ideal for single-node databases/small clusters; in such distributed integration systems, it is a significant 

bottleneck. Global serialization and synchronization across all replicas impose high latency and reduced system availability 

particularly during network partitions. As a consequence, there has been a huge move toward BASE (Basically Available, Soft 

state, Eventual consistency) model focusing on availability and responsiveness over immediate strict consistency. 

 

https://doi.org/10.54660/.IJMRGE.2025.6.6.1412-1416


International Journal of Multidisciplinary Research and Growth Evaluation www.allmultidisciplinaryjournal.com  

 
    1413 | P a g e  

 

Eventual consistency is a specific weak consistency that 

guarantees that if there are no new updates to a given data 

item, then all accesses to that item will return the last updated 

value. This model acknowledges that global networking 

processes are exponential and the speed of light for 

information transmission constitutes hard physical limits for 

any synchronized process. In an eventually consistent system, 

replicas are allowed to diverge temporarily to continue 

serving user requests during network partitions or periods of 

high load. Convergence refers to the procedure used to re-

establish a global state for replicas that differ. 

The integration pattern is a key element of the architecture of 

a service-oriented application. The interval of event delivery 

was used to test a pattern. Typically, integration systems 

serve as the “glue” between heterogeneous platforms such as 

Customer Relationship Management (CRM) systems, 

Enterprise Resource Planning (ERP) modules and legacy 

databases. In these environments, ‘consistency’ is not merely 

matching bits across replicas. It also means ensuring that 

business processes remain correct despite differences in 

representations, structures and update frequencies that data 

about the same entity may have. Over the years, many 

technical systems have been designed and constructed that 

provide a certain notion of consistency in some situation, 

design or enterprise. The author of this report has details 

about it in the next section. It, further, discusses the conflict 

detection mechanisms, state propagation protocols and cross-

system coordination patterns. 

Theoretical Frameworks and the Evolution of 

Consistency 

The design space for distributed systems is constrained by 

fundamental laws of distributed computing that force 

architects to make explicit choices about the behavior of their 

systems under stress. 

 

The CAP Theorem and Its Implications 

The CAP theorem is by far the most important theoretical 

benchmark in distributed systems. The CAP theorem, first 

put forward by Eric Brewer in 2000 and later formally proved 

in 2002 by Seth Gilbert and Nancy Lynch, states that a 

distributed data store can provide at most two of the 

following three guarantees: consistency, availability, and 

partition tolerance. Within the context of CAP, a consistency 

is linearizability, in which every read returns the more recent 

write as if there’s only one single copy. A system is said to 

be available if a non-failing node responds to every request, 

without an error. Further, it is Partition Tolerant if a failure in 

communication between nodes does not stop the system from 

working. 

Partition tolerance is in fact a necessity, as network partitions 

are unavoidable in every system that spans more than one 

router, or one data center. The partitioning leaves the 

architects with a binary choice, to either trade-off the 

consistency to keep the system available (AP) or trade-off the 

availability to keep the data consistent (CP). 

 

Table 1: 
 

CAP Property Description in Distributed Systems Design Trade-off 

Consistency (C) All nodes see the same data at the same time; linearizability. CP: Reject requests if sync is impossible. 

Availability (A) Every request receives a non-error response, regardless of state. AP: Return local (potentially stale) data. 

Partition Tolerance (P) The system continues to function despite message loss or delays. Required: Network failures are inevitable at scale. 

The PACELC Theorem: Beyond the Partition 

While CAP focuses on behavior during failure PACELC 

theorem studies the trade-offs in healthy operation. Under a 

partition (P), one must choose either availability (A) or 

consistency (C). Else (E) when the system is functioning 

normally, one must choose either latency (L) or consistency 

(C). A latency penalty must always be paid because of the 

time required in synchronous communication and 

acknowledgments when enforcing strong consistency across 

replicas. Many latency-critical systems (e.g. DynamoDB, 

Cassandra) use the PA/EL model, accepting eventual 

consistency to provide sub-millisecond responses to end-

users all over the world. 

 

Classification of Consistency Models 

Consistency is not a monolithic concept but a spectrum 

ranging from strict guarantees to very relaxed promises. The 

choice of model depends on the application's tolerance for 

staleness and the cost of coordination. 

● Strong Consistency (Linearizability): This model 

ensures that as soon as a write is confirmed, every 

subsequent read from any node will reflect that update. 

It requires high coordination overhead and often relies 

on consensus protocols like Paxos or Raft. 

● Sequential Consistency: This ensures that all processes 

see all writes in the same logical order, although not 

necessarily in real-time. It is weaker than linearizability 

but stronger than eventual consistency. 

● Causal Consistency: Causal consistency ensures that if 

operation B depends on operation A (e.g., a reply to a 

post), then all nodes must see A before they see B. It is 

the strongest model that can still remain available during 

a partition. 

● Session Consistency (Read-Your-Writes): In this 

model, a specific client is guaranteed to always see its 

own updates immediately, even if other clients see stale 

data for a short window. This is critical for user 

satisfaction in social media and profile management. 

● Eventual Consistency: The most relaxed model, where 

replicas may diverge indefinitely but are guaranteed to 

reach the same state once updates cease and propagation 

finishes. 

 

Conceptualizing Eventual Consistency 

The practical utility of eventual consistency lies in its ability 

to decouple the execution of a transaction from its global 

synchronization. This decoupling allows for high availability 

and performance but requires a formal understanding of how 

convergence is achieved. 

 

Definitions and Properties of Convergence 

An eventually consistent system is defined by its ability to 

resolve divergence over time. Researchers have identified 

three core properties that a system must satisfy to be 

considered eventually consistent: 

1. Eventual Delivery: Every update made to a correct 

replica must eventually be delivered to all other correct 

replicas. 
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2. Convergence: Replicas that have received the same set 

of updates must eventually reach an equivalent state. 

3. Termination: Every operation (read or write) must 

eventually complete. 

 

A more stringent version of this is Strong Eventual 

Consistency (SEC). Under SEC, correct replicas that have 

delivered the same updates are immediately in equivalent 

states, without the need for additional "cleanup" or 

background consensus steps. SEC is primarily achieved 

through data structures that are inherently conflict-free. 

 

The Inconsistency Window 

The inconsistency window refers to the period of time from 

when a write occurs in one node, and the write being visible 

in all other replicas. In a properly functioning system, this 

window depends on latency on the network, load on the 

system, and the number of replicas. According to research, its 

value in actual deployment is found to be within 200 

milliseconds in case of Cassandra to as high as 12 seconds in 

the case of such distributed storage services like Amazon S3. 

In order to build interfaces that do not confuse the end-user 

as data appears to ‘vanish’ or revert to a previous state for a 

brief period, it is necessary to understand and quantify this 

window. 

 

Synchronization and Conflict Resolution Mechanisms 

To achieve convergence in a distributed system where nodes 

act independently, there must be a way to propagate updates 

and a rule for deciding the final state when concurrent updates 

occur. 

 

Anti-Entropy and Gossip Protocols 

The Gossip Protocol is the main technique used for data 

dissemination in eventually consistent systems. This is a 

decentralized peer-to-peer communication method where 

every node selects a random set of nodes on a periodic basis 

and communicates its metadata or data with that set. Ensures 

that updates eventually infect the entire cluster, this process 

is known as anti-entropy. 

Gossip protocols are very robust as they don’t need a central 

coordinator. Gossip protocols are designed to tolerate a 

certain number of message losses or node crashes. If a 

message is dropped or a node fails, the missing information 

will be obtained in the next gossip cycle from another peer. 

Gossip is thus well-suited for managing cluster membership, 

failure detection, and database replication in large 

environments. 

Logical Clocks and Causality Tracking 

In the absence of a perfectly synchronized global clock, 

distributed systems rely on logical clocks to establish the 

order of events. Vector Clocks are the most common 

mechanism for this, where each data item is associated with 

a vector of [node, version] pairs. When a node updates a 

value, it increments its own counter in the vector. 

Vector clocks allow the system to detect three types of 

relationships between data versions: 

1. Ancestor: Version X precedes version Y if every counter 

in Y's vector is greater than or equal to the corresponding 

counter in X's vector. 

2. Successor: The inverse of an ancestor relationship. 

3. Siblings (Conflict): Two versions are siblings if neither 

dominates the other (e.g., version A has a higher counter 

for Node 1, but version B has a higher counter for Node 

2). 

 

When siblings are detected, the system knows a concurrent 

write conflict has occurred. Resolution can be automated 

using a Last Write Wins (LWW) strategy based on physical 

timestamps, or it can be handled by the application logic to 

merge the versions. 

 

Conflict-free Replicated Data Types (CRDTs) 

CRDTs represent a paradigm shift in distributed data 

management by embedding conflict resolution directly into 

the data structure's mathematical properties. A CRDT is 

designed such that all concurrent operations commute, 

meaning the order in which updates are applied does not 

affect the final state. 

There are two primary styles of CRDTs: 

● State-based (CvRDTs): Replicas converge by merging 

their full states. The merge function must be a join (Least 

Upper Bound) in a semi-lattice, ensuring it is associative, 

commutative, and idempotent. 

● Operation-based (CmRDTs): Replicas broadcast the 

update operations themselves. This requires an 

underlying delivery layer that ensures every operation is 

delivered at least once, and concurrent operations must 

naturally commute. 

 

CRDTs enable strong eventual consistency and are used in 

everything from collaborative text editors (like Google Docs) 

to distributed key-value stores (like Redis Enterprise and 

Riak). 

 

Table 2: 
 

CRDT Type Mechanism Network Requirement Convergence Type 

State-based (CvRDT) Full state merge using join. Unreliable; Idempotent. Strong Eventual 

Operation-based (CmRDT) Commutative operations. Reliable delivery; FIFO. Strong Eventual 

Delta-based (δ-CRDT) Partial state (delta) merge. Optimized bandwidth. Strong Eventual 

Enterprise Integration Patterns in Distributed Systems 

In the context of distributed integration, consistency is not 

just a database property but an application-level requirement. 

Integration systems must coordinate activities across multiple 

independent services, each with its own data store and 

consistency rules. 

Event-Driven Architecture (EDA) 

EDA is the most common architectural pattern for achieving 

loose coupling and eventual consistency in enterprise 

integration. In this model, instead of performing a 

synchronous remote procedure call (RPC), a service 

publishes an event to an Event Broker.  
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Other services subscribe to these events and update their local 

state accordingly. This pattern allows for high scalability and 

responsiveness, as the producing service does not have to 

wait for the consumers to finish processing. 

However, EDA introduces challenges in tracing and 

debugging, as the flow of data is asynchronous and indirect. 

It also requires robust Event Schema Governance to ensure 

that publishers and subscribers maintain a shared 

understanding of the event data. 

 

The Saga Pattern for Distributed Transactions 

When a business process involves multiple steps across 

different services (e.g., booking a trip that involves a flight, a 

hotel, and a car rental), a single ACID transaction is not 

feasible. The Saga Pattern manages these long-lived 

transactions as a series of local transactions. 

There are two primary ways to coordinate Sagas: 

1. Choreography: Each service produces and listens to 

events from other services and decides its own next 

action. 

2. Orchestration: A centralized orchestrator (Saga 

Manager) tells the participants which local transactions 

to execute. 

 

If any step in the Saga fails, Compensating Transactions are 

executed to undo the changes made by previous steps, 

ensuring the system eventually reaches a consistent state 

(either fully complete or fully reverted). 

 

Command Query Responsibility Segregation (CQRS) 

CQRS is a pattern that separates the data models for writing 

and reading. In an integrated system, the write model might 

be a traditional relational database that handles complex 

business logic, while the read model is a denormalized search 

index or a materialized view optimized for high-speed 

queries. Updates are propagated from the write side to the 

read side via events, meaning the read side is eventually 

consistent with the write side. This separation allows both 

sides to scale independently based on their specific 

performance requirements. 

 

Data Consistency Challenges in Heterogeneous 

Integration 

The complexity of integration systems is compounded by the 

fact that data often originates from systems with different 

formats, semantics, and quality standards. Achieving 

consistency in these environments requires solving the 

problem of heterogeneity. 

 

Structural and Syntactic Heterogeneity 

Structural heterogeneity occurs when systems use different 

data models to represent the same information (e.g., one 

system uses a flat-file while another uses a relational 

database). Syntactic heterogeneity involves naming 

differences, such as one system using "first_name" and 

"last_name" while another uses a single "full_name" field. 

To resolve these, integration systems employ Schema 

Mapping and ETL (Extract, Transform, Load) processes. 

These tools standardize the data into a canonical format 

before it is loaded into the target system or made available for 

global queries. 

 

Semantic Heterogeneity and Interoperability 

Semantic heterogeneity is a deeper issue where the same term 

has different meanings in different contexts, or different 

terms have the same meaning. For instance, "delivery date" 

might mean the date the goods left the warehouse in one 

system and the date they reached the customer in another. 

Semantic Data Integration uses ontologies (formal 

representations of knowledge) and Semantic Web 

technologies like RDF and OWL to link data based on its 

actual meaning rather than its label. This allows for Semantic 

Reasoning, where the system can automatically infer that 

"client_no" and "customer_id" refer to the same entity, 

facilitating accurate data fusion and reconciliation across 

disparate sources. 

 

Federated Data Quality and Governance 

In federated systems, where data remains under the control of 

its original source but is shared for collaborative training or 

analysis, maintaining consistency is a matter of governance. 

Federated Learning environments, for example, must deal 

with variations in data quality and distribution among 

participants, which can bias the results of the global model. 

A "two-stage" quality governance framework—involving 

local data processing and federated training checks—is often 

proposed to ensure that the integrated insights remain 

accurate and trustworthy. 

 

Performance, Reliability, and Operational Strategy 

The decision to adopt eventual consistency is a strategic 

trade-off that impacts every layer of the system, from the 

database engine to the end-user interface. 

 

Monitoring Staleness and Consistency 

Organizations must implement robust monitoring to track the 

"health" of their eventual consistency. Key metrics include: 

● Replication Lag: The time delay between a write to the 

primary node and its arrival at a replica. 

● Version Drift: The number of divergent versions of a 

particular data item currently existing in the cluster. 

● Convergence Time: The average time it takes for a set 

of concurrent updates to be reconciled into a single state. 

 

Tools like Prometheus and Grafana are often used to visualize 

these metrics, allowing operators to detect when network 

congestion or node failures are causing the inconsistency 

window to exceed acceptable bounds. 

 

Managing User Expectations 

A critical aspect of using eventual consistency is the design 

of the User Experience (UX). If a user deletes a record and 

then sees it reappear on the next screen because they were 

routed to a stale replica, their trust in the system is 

diminished. Strategies to mitigate this include: 

● Sticky Sessions: Routing a user's requests to the same 

node for the duration of a session, ensuring they see their 

own writes. 

● Optimistic UI Updates: Immediately updating the local 

UI to show the expected result of a write while the 

background sync completes. 

● Version Pinning: Allowing the client to request a 

specific version of the data that it knows should be 

available. 
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Summary of Convergence Techniques 
 

Table 3: 
 

Technique Conflict Handling Primary Benefit Scaling Limit 

Gossip Protocols Version merging. High resilience; Decentralized. Bandwidth at very high node counts. 

Vector Clocks Detect and prompt resolution. Accurate causal tracking. Vector size grows with node count. 

CRDTs Automatic via commutativity. Zero-coordination convergence. Computational overhead of complex types. 

Sagas Compensating transactions. Complex workflow integrity. Management of compensation logic. 

Conclusion 

Ensuring data consistency in distributed integration systems 

is a multi-dimensional challenge that requires moving beyond 

traditional ACID-based thinking. As this report has explored, 

the transition to eventual consistency models is not merely a 

technical preference but a logical consequence of the physical 

and theoretical limits of distributed computing. By accepting 

temporary inconsistencies, system designers can build 

architectures that are infinitely more scalable, available, and 

responsive than their strongly consistent counterparts. 

The success of such systems depends on the rigorous 

application of convergence mechanisms and integration 

patterns. Anti-entropy gossip protocols provide the necessary 

propagation of state, while vector clocks and CRDTs offer 

formal methods for resolving the conflicts that inevitably 

arise in a world without a global clock. In the broader 

enterprise context, Event-Driven Architecture and the Saga 

pattern allow for the coordination of complex business 

processes without sacrificing system agility. Furthermore, the 

integration of heterogeneous data requires a sophisticated 

approach to semantic interoperability, ensuring that data is 

not only synchronized but also understood correctly across 

system boundaries. 

Ultimately, eventual consistency represents a "business 

solution" to a technical problem. By understanding the cost 

of inconsistency and weighing it against the benefits of 

availability and low latency, organizations can build 

distributed systems that align with their operational needs. As 

the volume of global data continues to explode, the principles 

of eventual consistency and the mechanisms of state 

convergence will remain the foundational pillars of the next 

generation of resilient, high-performance distributed 

integration systems. 
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