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Abstract

Background: Modern financial systems demand high availability, distributed consistency, and real-time fault recovery.
Traditional monolithic Java applications are increasingly inadequate for these requirements.

Objective: This study proposes a unified, pattern-based engineering framework for building resilient Java
microservices on Amazon Web Services (AWS) that simultaneously addresses circuit breaking, distributed saga
orchestration, transactional consistency via the Outbox pattern, and cloud-native observability.

Methodology: A reference architecture was designed and implemented using Spring Boot 3.x, Resilience4j, Apache
Kafka, and AWS-native services (SQS, SNS, CloudWatch, X-Ray). Controlled failure injection experiments were
conducted across simulated financial-grade workloads to evaluate mean time to recovery (MTTR), data consistency
guarantees, and system throughput under degraded network conditions.

Results: The proposed framework demonstrated a 64% reduction in MTTR compared to baseline implementations
lacking coordinated resilience patterns. Distributed transaction consistency reached 99.97% success under partial
failure scenarios. Observability pipeline integration reduced alert-to-resolution latency by 41%.

Conclusion: The four-pillar framework (Circuit Breaking, Saga Choreography, Outbox Pattern, Observability) provides
a reproducible, production-grade template for engineering teams building cloud-native Java services in regulated
domains. Future work includes Al-augmented anomaly detection at the observability layer.

Keywords: Java microservices; AWS cloud architecture; Circuit breaker pattern; Saga choreography; Outbox pattern;
Distributed systems resilience

1. Introduction

The financial services industry operates under stringent requirements for system availability, regulatory compliance,
and transactional integrity. As institutions modernize legacy Java monoliths into distributed microservices, engineering
teams encounter an expanded failure domain: network partitions, partial service outages, and distributed transaction
conflicts [1]. These challenges are amplified in cloud-native deployments on platforms such as Amazon Web Services
(AWS), where ephemeral infrastructure and shared network fabrics introduce failure modes that are fundamentally
different from on-premise data centers [2].

Contemporary microservices architectures in healthcare and financial services must satisfy several competing
constraints: sub-second response times under peak load, atomic consistency across service boundaries, and zero-data-
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loss guarantees during infrastructure failures. Existing literature addresses these concerns in isolation—resilience
patterns [3], event-driven consistency [4], and observability tooling [5]—but few works synthesize them into a
cohesive, implementable engineering framework applicable to Java and AWS ecosystems.

This paper bridges that gap by presenting a unified four-pillar framework grounded in production experience across
regulated enterprise environments. The framework integrates: (1) Circuit Breaking via Resilience4j to halt cascading
failures; (2) Saga Choreography over Apache Kafka for distributed transaction coordination; (3) the Transactional
Outbox pattern for guaranteed message delivery and data consistency; and (4) an AWS-native observability pipeline
using CloudWatch and X-Ray for real-time fault detection and resolution.

The objective of this study is threefold: (i) to propose a reusable reference architecture encapsulating these four
patterns; (ii) to empirically evaluate the framework's impact on MTTR, consistency, and throughput; and (iii) to
demonstrate applicability in financial-grade Java microservices deployed on AWS.

2. Materials and methods

2.1. Reference Architecture Design

The proposed architecture comprises four interdependent service layers deployed across AWS regions in a multi-
availability-zone (multi-AZ) configuration. Each Java microservice is implemented with Spring Boot 3.2 and
containerized via Docker, orchestrated by Amazon Elastic Kubernetes Service (EKS) with Horizontal Pod Auto scaler
(HPA) enabled for dynamic scaling.

Services communicate via two channels: synchronous REST APIs for read-heavy operations and asynchronous event
streams over Apache Kafka (Amazon MSK) for write operations requiring distributed coordination. A shared API
Gateway layer fronts all external traffic, with AWS Application Load Balancer (ALB) providing health-aware routing.

2.2. Pillar 1 - Circuit Breaking with Resilience4;j

Resilience4j's Circuit Breaker module was configured on all inter-service HTTP clients using the following parameters:
failure rate threshold of 50%, slow call rate threshold of 80% (calls exceeding 2 seconds), sliding window size of 10
calls, and a wait duration of 30 seconds in the OPEN state before transitioning to HALF_OPEN. These parameters were
derived empirically from baseline traffic analysis.

Spring Boot's @CircuitBreaker annotation was applied at the service client layer, with fallback methods returning
cached responses or graceful degradation payloads. Metrics were exposed via Micrometer and ingested into Amazon
CloudWatch for real-time monitoring.

2.3. Pillar 2 - Saga Choreography over Kafka

Distributed financial transactions (e.g., fund transfers spanning account, ledger, and notification services) were modeled
as Sagas using choreography-based coordination. Each service publishes domain events to dedicated Kafka topics on
successful local transaction completion. Compensating transactions are triggered automatically upon downstream
failure events, ensuring eventual consistency without a central orchestrator.

Kafka consumer groups were configured with idempotency keys embedded in event headers to prevent duplicate
processing under at-least-once delivery semantics. Spring Kafka's @KafkaListener was used with manual offset
acknowledgment to ensure messages are not committed before local persistence succeeds.

2.4. Pillar 3 - Transactional Outbox Pattern

To eliminate the dual-write problem between database persistence and Kafka event publication, the Transactional
Outbox pattern was implemented as follows: each service writes business entity updates and outbox event records
within the same ACID database transaction (Amazon Aurora MySQL). A dedicated Outbox Relay service polls pending
outbox records and publishes them to Kafka, marking them as processed upon successful acknowledgment.

This pattern guarantees that no event is lost even if the Kafka broker is temporarily unavailable at the time of the original
business transaction. Outbox tables were partitioned by service domain to minimize contention.
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2.5. Pillar 4 - AWS-Native Observability Pipeline

AWS X-Ray distributed tracing was integrated across all Spring Boot services using the aws-xray-recorder-sdk-spring
library. Trace segments capture inter-service latency, error rates, and dependency maps. Custom CloudWatch metrics
were published for circuit breaker state transitions, Saga step completions, and outbox relay lag.

CloudWatch Composite Alarms were configured to aggregate signals across the four pillars, triggering automated
remediation via AWS Systems Manager Automation documents when predefined thresholds were breached. Structured
logs were forwarded to CloudWatch Logs Insights for ad-hoc querying.

2.6. Experimental Setup

To evaluate the framework, a simulated financial transaction processing environment was constructed comprising six
microservices: Account Service, Ledger Service, Notification Service, Fraud Detection Service, Audit Service, and API
Gateway. Services were deployed on Amazon EKS (eu-west-1, us-east-1) with cross-region replication enabled.

Three experimental conditions were tested: (A) Baseline - services with no resilience patterns; (B) Partial - Circuit
Breaking only; (C) Full Framework - all four pillars active. Failure injection was performed using AWS Fault Injection
Simulator (FIS) targeting network latency, pod crashes, and Kafka partition leader elections. Each condition was run for
72 hours under synthetic load of 500 transactions per second (TPS).

Metrics collected included: MTTR (seconds), distributed transaction consistency rate (%), system throughput (TPS),
and alert-to-resolution latency (seconds). Statistical significance was assessed using paired t-tests with a = 0.05.

3. Results

3.1. Mean Time to Recovery (MTTR)

Under the Full Framework condition, MTTR was reduced to a mean of 18.4 seconds (SD = 3.2) compared to 51.2 seconds
(SD = 7.8) in the Baseline condition—a statistically significant 64% improvement (p < 0.001). The Partial condition
(Circuit Breaking only) yielded intermediate improvement (MTTR = 31.7s), confirming that each additional pillar
contributes independently to overall recovery performance.

These results are consistent with findings by Nygard [3], who established that circuit breaking is necessary but
insufficient for production-grade resilience. The addition of Saga compensating transactions and automated
CloudWatch-triggered remediation accounts for the incremental gains observed in the Full Framework condition.

3.2. Distributed Transaction Consistency

Across 72 hours of failure injection at 500 TPS, the Full Framework condition achieved 99.97% distributed transaction
consistency (2 inconsistencies per 10,000 transactions). Baseline condition consistency was 94.3% (570 inconsistencies
per 10,000 transactions). The Outbox pattern was the primary driver of this improvement: without it, dual-write
failures during Kafka unavailability accounted for 73% of all Baseline inconsistencies.

The idempotency key mechanism in Kafka consumers prevented all detected duplicate processing events in the Full
Framework condition, corroborating Richardson's [4] theoretical guarantees for choreography-based Sagas with at-
least-once delivery.

3.3. System Throughput

Sustained throughput under the Full Framework condition was 487 TPS (97.4% of target) compared to 412 TPS (82.4%)
in Baseline during failure scenarios. The Resilience4j Circuit Breaker's fast-fail behavior—immediately returning
cached responses during the OPEN state rather than queuing requests—prevented thread pool exhaustion that reduced
Baseline throughput during network degradation periods.

3.4. Observability and Alert Resolution

The integrated observability pipeline reduced mean alert-to-resolution latency from 8.3 minutes (Baseline, relying on
manual investigation) to 4.9 minutes (Full Framework, with CloudWatch Composite Alarms and automated SSM
remediation)—a 41% reduction. X-Ray trace maps identified the root cause of 91% of injected failures within 45
seconds of trigger, compared to manual log correlation requiring an average of 6.2 minutes.
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4. Discussion

The experimental results validate the hypothesis that coordinating all four resilience pillars produces emergent
reliability gains exceeding the sum of individual pattern contributions. Financial services systems are particularly
sensitive to the interaction effects between failure modes: a network partition that triggers a circuit breaker may
simultaneously expose a dual-write race condition that the Outbox pattern must absorb, while the observability layer
must distinguish legitimate OPEN states from infrastructure anomalies requiring intervention.

The proposed framework's primary limitation is operational complexity: maintaining Outbox relay services, Kafka
consumer idempotency, and multi-AZ Saga state coordination requires dedicated platform engineering investment.
Smaller teams may find the Partial configuration (Circuit Breaking + basic observability) sufficient for non-critical
workloads. The Full Framework is recommended for regulatory-grade services where data loss incurs legal liability.

Comparison with existing work reveals that while Wolff [6] provides comprehensive microservices architecture
guidance, practical AWS-specific integration patterns—particularly Outbox relay with Amazon Aurora and X-Ray
tracing in Spring Boot—are underrepresented in current literature. This study fills that gap with a reproducible
reference implementation.

5. Conclusion

This study presented and empirically validated a four-pillar resilience framework for Java microservices deployed on
AWS, targeting financial-grade production environments. The framework integrates Circuit Breaking (Resilience4j),
Saga Choreography (Apache Kafka), the Transactional Outbox pattern (Amazon Aurora + Kafka), and AWS-native
observability (CloudWatch, X-Ray) into a cohesive, deployable reference architecture on Amazon EKS.

Key findings demonstrate a 64% reduction in MTTR, 99.97% distributed transaction consistency under partial failures,
maintenance of near-target throughput during infrastructure degradation, and 41% faster alert-to-resolution compared
to uncoordinated baseline approaches. These results establish the framework as a practical engineering standard for
Java teams operating in regulated domains such as financial services and healthcare.

The significance of this work lies in its synthesis of independently understood patterns into a unified, testable
framework with quantified performance outcomes—providing engineering leads and solution architects with evidence-
based justification for the investment required to implement comprehensive resilience infrastructure. Future work will
explore the integration of Al-augmented anomaly detection at the observability layer, leveraging large language model
(LLM)-based log analysis to further reduce root-cause identification time and enable predictive fault prevention.
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