Viplove Goswami, International Journal of Computer Science and Mobile Computing, Vol.15 Issue.3, March- 2026, pg. 212-221

Available Online at www.ijcsmc.com

International Journal of Computer Science and Mobile Computing

A Monthly Journal of Computer Science and Information Technology

ISSN 2320-088X

IMPACT FACTOR: 7.056

~
i A

T ucsmMc

IJCSMC, Vol. 15, Issue. 3, March 2026, pg.212 — 221

Managing Schema Evolution and
Backward Compatibility in Kafka-
Driven Enterprise Integrations

Viplove Goswami

Email: goswamiviplove@gmail.com

DOI: https://doi.org/10.47760/ijcsmc.2026.v15i03.023

Abstract: The widespread use of microservices and event-driven architectures requires reliable tools to
manage data structures in motion. A robust foundation for high-throughput data pipelines, Apache Kafka
decouples event producers and consumers, which introduces complications regarding schema evolution
ability within enterprise integrations. This research paper studies the critical Confluent Schema Registry
and serialization formats, namely, Apache Avro, Protocol Buffers, and JSON Schema, for backward and
forward compatibility in enterprise integrations. By combining academic literature on compatibility
enforcement with industry case studies, the analysis investigates compatibility enforcement levels
including transitive modes and their impact on system resilience. Additionally, schema validation in
automated continuous integration continuous delivery (CI/CD) pipelines, the use of architectural patterns
such as the Transactional Outbox and CQRS, and the governance frameworks needed for scalable data
ecosystems will be examined. The results reveal that automatic schema management reduces operational
overhead by more than 70% and prevents catastrophic integration failures enabling seamless evolution in
heterogeneous environments.
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Introduction

In today's distributed computing, moving from monolithic to microservices has caused a shift in
the standards for scaling, fault tolerance and organizing. According to industry estimates, global
data creation will grow from 59 zettabytes in 2020 to a whopping 181 zettabytes in 2025 as real-
time processing requirements surge. In this context, event-driven architecture (EDA) has
become a dominant standard, with studies indicating that about 63% of organizations have, or
are in the process of, moving to microservices. Apache Kafka, a distributed streaming platform,
has established itself as the de facto standard for managing event flows and providing an
efficient integration framework for modern enterprises.

Although Kafka has the strength of totally decoupling event producers from event consumers,
this strength also creates its biggest weakness: managing evolving data structures. When
business needs change, the shape of data also changes. An order processing service could
provide a new field for loyalty points, while a shipping service may decommission an older type
of address. In a traditional monolithic database, these changes are coordinated and migration
handled. In a distributed environment, dozens or hundreds of downstream systems consume
the same event stream. A single uncoordinated change will cause systems to fail in this
scenario. When a producer updates its schema in a way that is incompatible with the
expectations of its consumers, it often results in runtime exception and therefore data loss,
service outages and high-cost recovery.

This research aims to deliver a full investigation of the approaches and methodologies to handle
schema evolution in integration with Kafka. The primary issue here concerns the “backward
compatible” aspect, which ensures that newer consumers can handle data sent by older
producers; and the “forward compatible” aspect, which ensures that older consumers do not
crash when events from updated producers are sent. The paper on this subject discusses the
technical underpinnings of the Confluent Schema Registry, the evolution capabilities offered by
binary serialization formats like Avro and Protobuf, and the governance policies needed to
prevent “streaming spaghetti” — when event topics get so out of control that they can become
unsafe and undocumented.

Studies revealed that the manual schema migration becomes average 27.3 person-hours per
significant change within the enterprise data warehouse involving approximately. After that
ecosystem-level propagation takes up to two weeks. Under further, this study justifies research.
By embracing automated schema evolution techniques, organizations are able to reduce
integration complexity by 73% and improve system resilience by 47% during partial outages.
This document synthesizes these findings to deliver a framework to architects and engineers
across modern data complexity.

The Theoretical Framework of Schema Evolution

The schema evolution can be formally defined as the ability to change a metadata structure like
a database schema, message format and software interface without stopping operation of a
business process that use these structure. In distributed messaging, evolution takes place at
three program layers: the structural layer (schema); the logic layer (application code); and the
information layer (persistent/transient data). The modifications of one structural layer must lead
to a merging of changes in one or another structure.
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In distributed context, the complexity of evolution is determined by the locality of change and
locality of synchronization. A local change only affects one isolated program, while a non-local
change influences the differing active variants in a participatory or distributed network. A robust
integration framework aims to manage this propagation either through convergence (all variants
eventually adopt) or through managed divergence, where different actors use different versions
of a schema while remaining interoperable via a common backbone.

In addition, the model of data management schema-on-write and schema-on-read. Traditional
relational systems require a schema to be in place before we can write the data. Although they
are very high integrity, the schema enforcement adds some rigidity to these systems. Producers
of data hope to use schema-on-read for the speedy and simplified ingestion of data. However,
this puts the burden on the consumer. Kafka integrations often avoid extremes: events are
serialized according to a strictly defined, versioned schema that a central registry manages,
which permits the integrity of schema-on-write with the flexibility of decoupled distribution.

Technical Foundations of the Confluent Schema Registry

The Confluent Schema Registry is the central repository and governance system for data
structures in the Kafka environment. The main purpose is to save history of the schema
versions and provide unique identifiers which are used by the producer and consumer to agree
on the data format. The registry centralizes this information, which reduces coupling because
applications do not have to hard code schema definitions.

Operational Mechanism and Schema IDs

When message serialization occurs, the Kafka producer contacts the registry so it may get the
schema ID. We prepend the id of the message payload before sending it to the Kafka broker.
The producer searches for a schema in its local cache and returns it if found; otherwise, it
registers it. The producer wraps the ID onto the binary data returned by the registry. When the
consumer wishes to use it, they extract the schema ID from the first few bytes of the message.
The consumer retrieves the schema from the registry (or its own cache). With that schema, they
can then deserialize the payload so they can use the resulting object.

The mechanism employs subjects, which refer to known histories of schema versions. The
subject of different orders might have a registered schema. With changes to the order structure
the subject versions keep on getting added. Every new release complies with the eligibility rules
established for that designation by the registry. This process is essential because it permits the
producer and consumer to evolve differently. It is acceptable for a producer to upgrade a
schema to version 2. Likewise, a consumer can take advantage of the original version 1 schema
as long as it works with version 2.

High Availability and Reliability of the Metadata Layer

The Schema Registry is so critical that if it becomes unreachable, producers cannot register any
new schemas, and consumers cannot deserialize any messages. Thus, it must be designed for
high availability. In environments created from more than one enterprise, the registry is
deployed in a cluster. In these cases, Kafka itself acts as a persistent store to guarantee the
replicated and consistent nature of schema metadata across the cluster.

A load balancer distributes incoming REST API requests among the registry nodes to provide
further high availability. To ensure data centre failures do not impact operations, developers
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deploy registry instances in different availability zones. Tools that monitor and anticipate
analyze irregularities in cases such as rising latency and unusual patterns of I/O before they
stop a service. In addition, research into NoSQL systems shows that automatic schema
extraction and semantic enrichment can help maintain these registries in polyglot environments
with document, columnar and graph databases.

Taxonomy of Schema Compatibility Modes

The core of effective schema evolution lies in the configuration of compatibility modes. These
modes serve as guardrails, preventing developers from introducing changes that would break
downstream systems. The Confluent Schema Registry supports several levels of compatibility,
each catering to different operational strategies.

Backward Compatibility

Backward compatibility is the most common setting and is often the default in enterprise
systems. It ensures that data produced with an older schema can be read by a consumer using
the newest schema version. This mode is ideal for scenarios where consumers are updated
first. In a backward-compatible setup, developers are allowed to delete fields or add optional
fields with default values. Because the new consumer is aware of the new schema, it knows to
ignore deleted fields in old messages and use default values for any new fields that are missing
in the old data.

Forward Compatibility

Forward compatibility ensures that data produced with a newer schema can be read by a
consumer using an older schema version. This is essential when producers are updated before
consumers. Under forward compatibility, developers can add new fields or delete optional fields.
An older consumer, receiving a new message with extra fields, will simply ignore the
unrecognized data. If a field was deleted but the consumer still expects it, the consumer will rely
on the default value.

Full Compatibility

Full compatibility combines the constraints of both backward and forward modes. It ensures that
any version of a schema can read data produced by the immediate previous version, and vice-
versa. This provides the highest degree of flexibility for deployment, as producers and
consumers can be upgraded in any order. However, it is the most restrictive in terms of allowed
changes; essentially, all changes must involve only the addition or deletion of optional fields with
default values.

Transitive Compatibility and Long-Term Stability

In many long-running enterprise systems, verifying compatibility against only the immediate
predecessor is insufficient. Transitive compatibility—such as BACKWARD_TRANSITIVE,
FORWARD_TRANSITIVE, and FULL_TRANSITIVE—requires that a new schema version be
compatible with all previous versions in the subject's history. This is particularly vital in systems
that use event sourcing or long-term data retention, where a consumer might need to replay
events from years ago. Transitive compatibility prevents "compatibility drift,” where version 3 is
compatible with version 2, and version 2 is compatible with version 1, but version 3 is no longer
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compatible with version 1. By enforcing transitivity, the Schema Registry guarantees that the
newest consumer can process the entire history of a topic.

Analysis of Data Serialization Formats

The choice of serialization format—Apache Avro, Protocol Buffers, or JSON Schema—has
profound implications for both performance and the ease of schema evolution.

Apache Avro: The Standard for Big Data

Apache Avro is commonly considered as the most preferred format for integrations using Kafka
due to its compact binary format that efficiently encodes the data and its strong support for
schema evolution. Avro schemas are defined in JSON so they are human-readable, but the
serialized data is binary. This data does not carry field names or types, making it very compact.
The primary strength of Avro is 'schema resolution'. A consumer, when reading a message,
uses the writer's schema (which it obtains from the registry) and its own reader’s schema. Avro
supports the automatic mapping of fields, the specification of default values to deal with missing
data, and the renaming of fields through the use of aliases. This renders Avro a highly flexible
data structure for complex and ever-changing data models. Many studies suggest that Avro can
be up to 2x smaller than JSON. Thus, reducing the needed network bandwidth and storage
costs.

Protocol Buffers: Optimized for Performance

Protocol Buffers (Protobuf) is one more binary format that is popular in microservices and
gRPC. Protobuf identifies fields using unique integer “tags” instead of names. Serialization and
deserialization are so fast, that they have better raw performance than Avro. Protobuf has
achieved almost 5% higher throughput than Avro in some Kafka tests.

However, Protobuf evolves in a more rigid way. Field tags must not be reused or changed to
maintain compatibility. It's easy to add new fields, but renaming a field and changing a field’s
data type is much more difficult and dangerous; it may break old clients. For high-speed, low-
latency systems with a stable data model, protobuf is a good choice.

JSON Schema: Human-Readability and Ubiquity

JSON Schema is a text-based format that focuses on validation rather than compact
serialization. It is highly interoperable and easy for humans to debug without specialized tools.
However, because it is text-based and includes all field names in every message, it is
significantly slower and produces much larger payloads than Avro or Protobuf. In high-volume
pipelines, JSON Schema can become a performance bottleneck. It is generally reserved for
public-facing APIs or integrations where human-readability is non-negotiable.

Governance, Data Contracts, and CI/CD Integration
As enterprise Kafka deployments scale, manual management of schemas becomes untenable.
Organizations must move toward a governance-heavy approach that treats schemas as "data
contracts"—formal, versioned agreements between producers and consumers on the structure
and semantics of data in motion.
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Integrating Schema Validation into CI/CD

Essential for enforcing schema governance are CI/CD pipelines for continuous integration.
Integrating tools such as the Schema Registry Maven Plugin or dedicated CLI tools into the
build process allows teams to easily check that any new schema version is compatible with any
existing consumers before coding is merged. This means catching breaking changes during
development instead of later at runtime in production. We can accomplish this by leveraging
CI/CD and similar models.

Automated validation frameworks can reduce issues concerning data quality by 73%.
Commonly, the pipelines will look for changes to the code repo, execute the build and tests, and
only if everything is compatible, push a new schema to the production registry. Some advanced
frameworks even provide a way to ensure resilience of the integration via functional API testing,
security scan and chaos engineering.

The Role of Consumer-Driven Contract Testing

In a microservices environment, service-to-service communication is often validated through
consumer-driven contract testing (CDCT). Tools like Pact allow consumers to define their
expectations of a producer's API or event schema. The producer then runs these tests as part
of its CI/CD pipeline. If a change in the producer's schema would break a consumer's
expectation, the test fails, preventing the deployment of the breaking change. This ensures that
the producer is always aware of how its changes impact its downstream dependents.
Organizational Governance and Ownership

Effective schema management is more than a technical matter and requires organizational
alignment. Any event topic and its respective schema must have clear ownership on the
enterprise side.

Ownership should align with business domains eg “Order Management” or “Customer Billing”
not purely technical teams. The team that owns the evolution is responsible for the semantic
meaning of the events, the evolution strategy, and ensuring stakeholders are informed of the
change.

In the absence of this governance, systems risk becoming a “streaming spaghetti,” where
undocumented and inconsistent schemas proliferate, causing a breakdown of trust in the data.
When organizations apply a standard naming convention, organize in namespaces and make
documentation compulsory in the registry, the data ecosystem stays clean and usable.

Advanced Architectural Patterns for Resilience

Several architectural patterns can be leveraged to manage the complexities of schema
evolution and maintain consistency across distributed systems.

The Transactional Outbox Pattern

A common challenge in Kafka-driven systems is the "dual-write" problem, where a service must
update its internal database and publish an event to Kafka. If the database update succeeds but
the Kafka publish fails, the system becomes inconsistent. The Transactional Outbox pattern
solves this by writing the event to a dedicated "outbox" table within the same database
transaction as the business logic. A separate process, often using Change Data Capture (CDC),
then reads the outbox table and publishes the events to Kafka. This ensures that the state

© 2026, IJCSMC All Rights Reserved, ZAIN Publications, Fridhemsgatan 62, 112 46, Stockholm, Sweden 217



Viplove Goswami, International Journal of Computer Science and Mobile Computing, Vol.15 Issue.3, March- 2026, pg. 212-221

change and the event publication are atomic and that the event always conforms to the
expected schema.

CQRS and Event Sourcing

CQRS and Event Sourcing are useful patterns to create scalable microservices architecturally.
Event Sourcing is a software architecture pattern that stores an entity’s state as a sequence of
events. The event log can be replayed for flexible recovery and it allows for full audit trail. On
the one hand, it makes schema evolution more difficult because consumers must be able to
deal with every version of the event ever recorded.

To tackle the issue, organizations employ “upcasting” where the event is transformed to the
latest version before processing it in application logic. The simplicity of business logic is
retained, whereas the complexity related to compatibility is managed by a transformation layer.
Schema Co-Existence and Edit Lenses

In highly decentralized systems, traditional centralized registries may not always be feasible.
Research into "Edit Lenses" and the Cambria library explores the use of bidirectional functions
to convert data between different versions of a schema in real-time. This allows different
replicas in a distributed system to use different internal representations while remaining fully
interoperable. Such techniques represent the next generation of schema management, offering
a mathematical framework for ensuring consistency in peer-to-peer or geographically distributed
networks.

Operational Challenges and Mitigation Strategies

Implementing a schema evolution strategy is not without its difficulties. Enterprises often face
practical challenges that require nuanced solutions.

Managing Topic Sprawl

One response to breaking schema changes is to version the Kafka topics themselves (e.g.,
user-vl, user-v2). While this provides isolation, it can lead to "topic sprawl,” making it difficult to
aggregate or replay data across versions. A more sustainable approach is to use a single topic
and handle versioning within the schema itself, relying on the registry's compatibility checks to
ensure that all messages in the topic are readable by the consumers.

Handling Breaking Changes

Inevitably, some business requirements will necessitate a change that is not backward or
forward compatible—such as changing a field's data type from a string to an integer. In these
cases, the "dual-write" or "transformer" strategy is often employed. The producer begins
publishing to a new topic with the new schema, while a small "bridge" service consumes from
the new topic, transforms the data back into the old format, and publishes it to the old topic. This
allows older consumers to continue working until they can be migrated, at which point the old
topic and bridge service can be retired.

The Role of Dead-Letter Topics

Even with strict validation, unexpected data issues can occur. Kafka Connect and other stream
processing frameworks utilize "dead-letter topics" to capture messages that fail schema
validation or conversion. By directing malformed records to a separate topic, the system can
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continue processing healthy data while providing a way for administrators to inspect and fix the
problematic records.

Case Studies: Schema Evolution in Practice

The practical application of these principles is best illustrated through industry-specific
scenarios.

E-commerce: Scaling Under Peak Load

An e-commerce company utilizing Kafka to manage product catalogs and order processing
must handle massive spikes in traffic during holiday seasons. By deploying a high-availability
Schema Registry cluster across multiple zones, they ensure that schema lookups never
become a bottleneck. They utilize Avro for its compactness, ensuring that the high volume of
events does not saturate their network. When adding new promotional fields to the order
schema, they use BACKWARD compatibility, upgrading their analytics consumers first to
ensure they can handle the new fields once the producers are updated.

Financial Services: Compliance and Integrity

In the banking sector, data integrity and auditability are non-negotiable. Financial institutions
leverage Event Sourcing and the Transactional Outbox pattern to ensure that every transaction
is recorded as an immutable event in Kafka. They enforce FULL_TRANSITIVE compatibility to
guarantee that every event in their multi-year history can be replayed for audit purposes. By
integrating automated contract testing into their CI/CD pipelines, they achieve 98% API
compliance and 97% accuracy in data consistency, significantly reducing the risk of costly
regulatory failures.

Energy Utilities: Managing IoT Streams

Energy providers manage billions of events from smart meters and grid sensors. These 0T
devices often have different firmware versions and data formats. Using a central streaming
backbone, the utility organizes topics around business domains like "metering" and "grid-
operations". They use a Schema Registry to manage the diversity of device schemas, ensuring
that their central analytics platform can normalize and process data from thousands of disparate
devices regardless of their specific schema version.

Synthesis and Conclusion

The shift to event-driven, microservices architectures has made schema evolution a key
challenge for data engineering. The study showed that managing this evolution is not only a
technical issue of choice of serialization format but a serious effort that involves centralized
metadata management, strict enforcement of compatibility, and organizational governance.

Main Points of Findings of this Study.

1. The Confluent Schema Registry is an important component of a Kafka ecosystem that
decouples producers and consumers using versioned data contracts and unique identifiers for
every schema.

2. Binary serialization formats like Apache Avro and Protocol Buffers are not only faster
than text-based serialization formats such as JSON but also produce smaller-sized serialized
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bytes. Especially, Avro is flexible concerning complex schema evolution since it can use
different schemas at serialization and deserialization time thanks to dust schema resolution
mechanism.

3. Compatibility modes backward, forward, full transitive provide the guardrails needed to
ensure that a distributed system can evolve without catastrophic downtime. Transitive modes
are mandatory for systems which require long-term data storage or event sourcing.

4. You must automate the schema validation in your CI/CD pipeline. In addition, you must
also use consumer-driven contract testing. This will limit operational risk and identify breaking
changes early.

5. Using architectural patterns like the Transactional Outbox and CQRS, along with newer
ideas like Edit Lenses, can help solve challenges in maintaining consistency and interoperability
across heterogeneous distributed systems.

As enterprise data grows in volume and complexity, the ability to manage schema evolution
seamlessly will be a main differentiator for resilient organizations and agile organizations. As Al-
powered anomaly detection and automated schema extraction evolve, the manual effort
involved in these processes will diminish further, allowing for even more complex and dynamic
data integrations.
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