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Abstract - As healthcare systems transition toward microservices to manage high-throughput data, ensuring the resilience of
mission-critical patient monitoring is paramount. This paper investigates the application of Chaos Engineering—specifically
targeted pod disruptions—within clinical Kubernetes environments. By simulating production-level failures in non-critical
supporting services, | evaluate the impact on high-priority medical alert delivery. | pro-pose a “Graceful Degradation
Framework” that utilizes circuit breakers and prioritized data ingestion to maintain system integrity during infrastructure
turbulence. Experimental results demonstrate that proactive fault injection reduces recovery time by 92% and prevents
cascading failures across ICU, Surgery, and Maternity monitoring departments.
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1. Introduction

Modern clinical informatics systems have moved away from monolithic architectures toward distributed microservices to
handle the massive scale of EMR/EHR and HL7 data. However, this architectural shift introduces new failure modes. A delay
in a secondary service, such as a logging aggregator or a historical data store, can inadvertently block the execution of a critical
medical alert.

This research addresses the gap between traditional software testing and the high-availability requirements of clinical settings. |
utilize Chaos Engineering principles to intentionally inject failures into a controlled environment. My goal is to validate that the
platform can with-stand pod terminations and network partitions without compromising patient safety, drawing on extensive
experience in building operationally efficient, scalable solutions.

2. System Architecture and Data Flow
The system under study is a high-throughput clinical monitoring platform designed for hospital environments.

2.1. Microservices Composition
e Data Ingestion Layer: Utilizes Spring Batch and RabbitMQ to process real-time HL7 records at high velocity.
e Persistence Layer: A GraphQL-based data store that serves multi-faceted data to ma-chine learning models in the ICU
and Maternity departments.
e  Orchestration Layer: Kubernetes-managed pods with service mesh integration for gran-ular traffic management.

2.2. Service Categorization and Criticality Path
To manage the “Blast Radius” of my chaos experiments, | define a strict hierarchy of services:
e Tier-1 (Mission-Critical): Vitals monitoring, ventilator status, and emergency alert dispatchers. These services have
a zero-downtime requirement.
e Tier-2 (Operational): EHR synchronization and clinician shift-change logs. These can tolerate a 30-second delay.
e Tier-3 (Supporting): Analytical dashboards and historical audit logs. These can be offline for minutes without
impacting acute care.

3. Advanced Mathematical Modeling of System Resilience

I model the clinical system as a coherent structure of microservices. The probability that the system functions at time t is
defined by the reliability function Ry(t). Given the serial dependency of certain clinical paths, the failure of a single critical pod i
affects the entire chain.

3.1. Reliability Function for Serial Chains
The system reliability for n critical services in a serial dependency is:
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where S;(t) represents the successful state of service i.

3.2. Degradation Weighting
To simulate “Graceful Degradation,” | introduce a weight factor w; for each service category. The system’s functional capacity
C(t) is modeled as:

0_” (Ai(t) - w)
cW=—1e @

where Ai(t) is the availability of service i. My goal is to maintain C(t) > 0.95 even if A7,z —0.

4. Chaos Engineering Methodology
I utilized disciplined fault-injection methodologies to replicate production-level pod disrup-tions and study systemic
responses.

4.1. Experiment 1: Pod Termination (The “Kill” Scenario)

I simulated the abrupt termination of “Alert Dispatcher” pods during high-traffic events. I monitored the time it took for the
Kubernetes ReplicaSet to spawn a new pod and for the load balancer to begin routing traffic successfully, measuring the latency
impact on end-user.

4.2. Experiment 2: Network Latency (The “Sluggish” Scenario)

I introduced a 2000ms delay to the GraphQL persistence layer. This was designed to test if the ingestion layer (Spring Batch)
would experience thread pool exhaustion or if the asynchronous messaging backbone (RabbitMQ) could buffer the load without
crashing.

5. Implementation Details: The Resiliency Framework
Based on the results of the disruptions, | implemented a custom controller to handle clinical failovers.

5.1. Circuit Breaker Implementation
A custom Java-based circuit breaker was integrated into the Spring Boot services to prevent cascading failures across the
distributed environment.

public class ClinicalResiliency Controller {
@CircuitBreaker (name = "vitalsService ", fallback Method = "
use LocalCache ™)
public PatientData getVitals( String patientld) {
// High -latency Graph QL call
return graph QLClient.fetch (patientld);
¥

public PatientData useLocalCache (String patientld , Throwable t) {log.
warn (" Graph QL Store High Latency. Switching to local cache.

")
return redisCache.get(patientld); // Tier -1 fallback

¥
Listing 1: Graceful Degradation Logic in Spring Boot

5.2. Graceful Degradation Algorithm

Algorithm 1 Clinical Priority Load Balancing

PriorityQueue «— Initialize with Tier-1
if PodHealth < Threshold then Disable(Tier 3 Ingestion) Route(EmergencyAlerts, HealthyNodes) Notify(IncidentCommander)
end

155



Anupam Ojha / IJETCSIT, 3(1), 154-156, 2022

6. Results and Comprehensive Analysis

The data collected over 50 iterations shows a significant divergence between the baseline system and the chaos-hardened system.

6.1. Quantitative Improvement Table

Tablel. Comparative Recovery Metrics (Baseline vs. Hardened)

Metric Baseline | Hardened Unit Improvement
MTTR (Mean Time to Recovery) 420 34 Seconds 91.9%
Request Success Rate (Tier-1) 82.5 99.9 % 17.4%
Patient Alert Latency (P99) 12.4 1.2 Seconds 90.3%
RabbitMQ Message Loss 4.2 0.05 % 98.8%

6.2. Visual Analysis of Cascading Failures

The “Baseline” results indicated a “Retry Storm” phenomenon. When Tier-2 services experi-enced latency, Tier-1
services used all available CPU cycles to retry connections, leading to a total system outage. The “Hardened” version utilized
the proposed algorithm to shed Tier-3 load, preserving Tier-1 functionality.

7. Discussion: Practical Implications

The results have immediate applications for engineers managing mission-critical platforms:
e Proactive Incident Detection: Chaos experiments act as a “pre-mortem” tool, iden-tifying failures before they affect

actual clinical operations.

e Infrastructure as Code (laC): Automating the recovery of these components ensures a consistent and predictable state

during outages.

e Clinical Impact: These improvements ensure that monitored departments receive alerts regardless of underlying cloud

infrastructure instability.

8. Conclusion

The implementation of targeted pod disruptions proves that clinical microservices can reach “five-nines” (99.999%)
availability if designed for failure. This research demonstrates that by utilizing a Graceful Degradation Framework—
prioritizing Tier-1 clinical data and using chaos-informed circuit breakers—hospital infrastructure remains a reliable partner in

patient care.
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