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Abstract: 

The overwhelming popularity of microservices and driving towards event-driven architectures are making 

it increasingly difficult to ensure visibility across an enterprise integration landscape. When transactions 

pass through heterogeneous environments which usually have an orchestration layer (e.g. MuleSoft), an 

asynchronous backbone (e.g. Apache Kafka) and a universe of polyglot microservices, it is getting 

increasingly hard to identify performance bottlenecks and isolate failures. This study analyses the 

architectural and technical requirements for end-to-end distributed tracing using OpenTelemetry and the 

W3C Trace Context standard. The investigation looks at how context is propagated, the use of custom 

notification listeners and OpenTelemetry native support to instrument the MuleSoft runtime, and how 

boundaries are crossed at Kafka asynchronously.  This paper also measures the performance overhead of 

distributed tracing using recent empirical evidence to analyze the trade-off between observability 

granularity and the system throughput. This paper combines existing enterprise integration patterns with 

current observability criteria to promote total visibility across complex, distributed digital environments.  
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Introduction 

Enterprise IT demands have fundamentally changed due to the architectural shift from monolithic to 

microservices. Although independent scalability, rapid deployment, and technology flexibility are well-

known benefits, they come at the expense of considerably more complex systems. In today’s environments 

a single business transaction, such as a retail order or a financial trade, is rarely handled by a single 

application. Rather, it traverses through an interconnected set of API gateways, integration platforms, 

message brokers and specialized microservices. Such fragmentation creates visibility gaps, as traditional 

monitoring tools cannot provide the entire story (they focus on health metrics in a limited location like the 

cloud or on a server and look at log files in isolation). 

 

If you have matters that need discussing, integrate to solve them. According to industry research, 

integration problems account for a much higher percentage of software project failures than 

misunderstandings of requirements or coding problems purely related to technology. The elevation of 

Mean Time to Resolution (MTTR) originating from the cause of a failure in a distributed chain requires 

hours of manual log correlation between teams and systems. Taking a request-centric viewpoint allows 

one to ask various stakeholders where error or unexpected events occurred in a given request’s processing. 

When you have an integration platform like MuleSoft and a streaming backbone like Apache Kafka, end-

to-end tracing becomes especially difficult. MuleSoft, which adheres to an API-led connectivity approach, 

often connects legacy systems with new applications. In the meantime, Kafka provides the durable, high-

throughput wherewithal to enable this asynchronous communication.   Each of these entities processes 

data differently, meaning that preserving a single Trace ID across synchronous and asynchronous 
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boundaries becomes a complicated engineering challenge. The theoretical basis to close these 

observability gaps is presented and then, guidance is provided on how to implement the stitching using 

OTel, a vendor-neutral standard designed for generating and collecting observability data. 

 

The Evolution and Theory of Distributed Tracing 

Distributed tracing is conceptually drawn from first principles, including Google’s Dapper and the 

academic X-Trace developed at Berkeley.  It should be possible to record information about all the work 

done for a particular initiator in the system; this is needed by any tracing infrastructure. In this way we 

implement two basic primitives: the span and the trace. A span is a single unit of work, such as an HTTP 

request, a database query, or processing a message. A trace is a set of spans organized in a directed acyclic 

graph (DAG) of end-to-end execution. 

 

To maintain continuity for a trace across distinct services and protocols, a ‘context’ must be passed along. 

”This context contains a Trace ID, which uniquely identifies the entire request flow, and a Span ID, which 

identifies the specific step. The way the propagation is done is by injecting this context into the metadata 

of an outgoing request, for example HTTP headers or message headers and extracting it at the destination. 

The Trace Context specification developed by W3C has gained traction over proprietary formats, and it 

standardizes the two important headers traceparent and tracestate. 

 

The arrival of OpenTelemetry has additionally consolidated the domain via a library of APIs and SDKs 

that decouple instrumentation from the observability backend. This allows enterprises to avoid vendor 

lock-in as the same telemetry can be sent to as many backends as preferred. Like Jaeger, Zipkin and 

commercial APMs.  In addition, OTel Collector can act as a central gateway that can receive, process, and 

export traces, metrics, and logs in a highly scalable way. 

 

Orchestration Layer Observability: The MuleSoft Ecosystem 

Many organizations use MuleSoft® Anypoint Platform® to orchestrate their business processes and 

transform data between systems. It is a key part of their enterprise integration strategy. The architecture 

of the platform is based on the Mule runtime engine, which processes messages in structured “flows,” 

using message processors. In the past, MuleSoft users had to create their custom developments if they 

wanted access to distributed tracing. 

 

MuleSoft introduced Open Telemetry support natively from Mule runtime 4.11.0 onwards in its recent 

versions. Thanks to this native integration, the running time can create spans automatically for every 

processor inside a flow and propagate the trace across HTTP boundaries. Organizations that use older 

runtimes or need more complex customization usually use custom Mule extensions built with the Mule 

SDK and the notification framework. 

 

The instrumenting technical mechanism of MuleSoft is based on two primary notification interfaces. They 

are Pipeline Message Notification Listener and Message Processor Notification Listener. The 

PipelineMessageNotificationListener allows the instrumentation at the beginning and end of the flow to 

create the root span or link to an incoming parent. The Message Processor Notification Listener allows 

you to monitor more granular events, capturing the execution of each component within the flow, such as 

the DataWeave, database connector or HTTP requester. 

 

When the HTTP Request hits Mule application through an HTTP Listener, instrumentation must extract 

the traceparent header to know about the existing trace context. When a header is present, a span for the 

Mule flow is created as the child of the remote parent. As the message traverses the system, a child span 

is generated by each internal processor, inheriting the Trace ID. Inject the Trace ID and Span ID into 
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Log4j Mapped Diagnostic Context (MDC) This is highly relevant for logging. Thus, application logs will 

be directly associated with specific trace spans and this will assist with deep forensic analysis. 

Additionally, asynchronous scopes like parallel-foreach or batch jobs must be handled carefully because 

of the complexity of MuleSoft flows. In these cases, the instrument must pass on the trace context to the 

new thread so that the trace is not “broken”. Native OTel support in Mule automatically manages the 

transition without breaking the causal chain across parallel execution boundaries. 

 

Asynchronous Propagation: The Kafka Integration Challenge 

The inclusion of Apache Kafka for the distributed trace makes the situation tricky since Kafka is 

asynchronous and decoupled. Synchronous HTTP calls imply that a client sends a request and wait for a 

response. Whereas, Kafka producer publishes any message and continues processing without waiting for 

consumer. This temporal decoupling means that the consumer might process a message much later or the 

same message can get processed by multiple consumers in different groups at different times. 

 

The trace context needs to be contained in the Kafka message itself in order to achieve trace continuity. 

Since its 0.11 version, Kafka has an option to use message headers to provide a carrier of metadata to the 

messages. The current traceparent and tracestate must be inserted into these headers before producers 

publish. On the consumer side, the instrumentation extracts the headers to reconstruct it. 

 

Choosing the span relationship is an important architectural decision in Kafka tracing. OpenTelemetry 

advises that Span Links be used for asynchronous messaging despite the fact that calls are often parent-

child relations. In the consumer model, the consumer initiates a new trace for processing the message. A 

link back to the producer’s span is included. By eliminating unnecessary delays, the trace visualization is 

able to show you the real-time work that was performed by each component, rather than showing how 

long that work took to start after getting enqueued. 

 

Automation of the injection and extraction process is done via instrumentation libraries like otelsarama 

for Go or the official OpenTelemetry Java instrumentation for Kafka. Standard Kafka producer and 

consumer client interfaces are used by these libraries that intercept send and receive commands to manage 

the headers in-trade. The Trace ID stays the same as a message progresses from a MuleSoft app to a Kafka 

topic and eventually to the microservice that consumes it. 

 

Instrumenting Polyglot Microservices 

Add tracing to other microservices that performs some business logic beyond the integration layer. To 

instrument these services requires a polyglot approach since they are built using a variety of languages 

and frameworks. The OpenTelemetry project offers available agents and SDKs for most major languages 

like Java Go Python Node.js. 

 

For services that use Java such as Spring Boot, the OpenTelemetry Java Agent is the most common 

deployment pattern. The JVM attaches agent, which automatically instruments standard libraries like 

Spring Web, JDBC, and the like HTTP clients using bytecode manipulation. The fact that the 

instrumentation is zero-code means that it can easily generate a baseline observability for all services 

without requiring edits to the source code of every service. 

 

Yet, not all business relevant information is captured with zero-code instrumentation. In this scenario, 

developers can use the OTel SDK for manual instrumentation to add custom attributes/events to their 

spans. For example, a payment service might add an attribute to record the payment method used or the 

transaction status which could later be harmonised for filtering in the tracing backend. 
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Most notably, Spring Boot 3 integrates native OpenTelemetry support through the Micrometer Tracing 

bridge.  As a result, the application automatically collects web request and database query traces using the 

W3C Trace Context as the format to link traces with upstream MuleSoft calls and Kafka messages. When 

every service in the ecosystem runs at the same propagation standard, the enterprise can create a unified 

business view of its distributed architecture. 

 

Quantifying Performance Overhead and Resource Impact 

While there are significant advantages associated with distributed tracing, the addition of instrumentation 

will introduce some performance overhead. Spot and Hollis: The telemetry data require extra CPU cycles, 

span buffering takes space, and exporting requires some network overhead. Managing and understanding 

this overhead is the key for production readiness. 

 

Recent research has measured tracing overhead on microservice performance on different software stacks. 

Studies show that depending on instrumentation and data captured, throughput can drop from 19% to 80%.  

Median request duration increases by 7% and in some cases, 42%. Latency is also affected. The 

initialization time of the tracing SDK can introduce a relative latency increase of as much as 175% for 

short-duration tasks (e.g., in a serverless environment). 

 

The majority of overhead arises from configuration, instrumentation, and exportation stages. The highest 

configuration overhead occurs during cold starts. The application collects metadata and records timing for 

span that leads to instrumentation overhead. The cost of serializing the data, usually to the OTLP format, 

and sending it to a collector. By deploying an OTel Collector as a local agent or daemonset, you can lessen 

some of the exportation cost, since your application can quickly offload span data to a local process over 

gRPC or HTTP/Protobuf. 

 

Businesses use complex sampling methods to reduce impact further The most common and resource-

efficient technique is head-based sampling, where one decides whether to trace a request at the start. 

Nonetheless, it may overlook vital error traces. Tail-based sampling is a type of sampling that makes the 

decision after the end of the trace. It allows a more intelligent selection of traces that are error-based or 

high-latency. However, tail sampling requires a higher consumption of resources at the collector layer to 

buffer the in-flight data.  

 

The implementation of efficient sampling is very important for high-throughput Kafka consumers. 

Because Kafka functions at millions of messages per second, it is often unfeasible to capture every span. 

Studies are currently underway to create advanced streaming samplers like TraceMesh or compression 

techniques like Tracezip: to alleviate storage and compute burden free diagnostic utility. 

 

The Role of eBPF in Modern Observability 

As distributed systems continue to evolve, the industry is increasingly turning toward eBPF for non-

disruptive observability. eBPF retrieves telemetry from the Linux kernel, allowing for zero-code 

instrumentation that is done without modifying the application or attaching a language-specific agent. This 

is especially beneficial for tracking third-party software or legacy components that do not natively support 

tracing. 

 

Through the use of eBPF, DeepFlow and Grafana Beyla hook into the kernel functions and network 

sockets to capture requests and responses across the networking stack. The main difficulty in tracing with 

eBPF relates to the correlation of spans across distributed components because a kernel-level view does 

not know anything about the Trace IDs that are generated by cells. The work aims to inject metadata into 

TCP packet headers without compromising protocol correctness to help correlate traces across host 

boundaries. 
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eBPF provides tremendous benefits with less instrumentation and low overhead. However, it can be seen 

more as a complement to, rather than a substitute for, application-level tracing. Using an eBPF deployment 

for network and infrastructure visibility and OpenTelemetry for business context gives a comprehensive 

picture of health. 

 

Security, Privacy, and Governance in Tracing 

The misgovernance of telemetry data is an important aspect of distributed tracing, yet it gets little attention. 

Spans frequently include metadata that may unwittingly incorporate sensitive information like PII or 

security credentials. For example, a span capturing an HTTP request could include headers that contain 

API keys or payload data that violates privacy regulations, such as GDPR, HIPAA, etc. 

 

Tracing through privacy-aware design involves the following technical controls. The instruments should 

be configured to ‘redact’ or ‘mask’ sensitive attributes before being exported to the collector. The OTel 

Collector can also serve as a governance gate and apply various filtering, and transformation rules for 

ensuring only compliant data is sent to the storage backend. In addition, the system must be careful about 

what context it passes along to external/untrusted services, as internal Trace IDs or baggage items may 

leak architectural information that malicious actors can exploit. 

 

The tracing backend itself requires strict access controls for enterprise-grade observability. It is important 

to ensure that the request flows are only accessible to authorized parties. As distributed tracing gets more 

popular, using trace data to detect attack patterns or unauthorized access paths and conduct security 

analysis is an important research area. 

 

Future Directions: AI-Driven Diagnostics and Proactive Observability 

With more complexity and volume than ever before, manual analysis of trace data is increasingly difficult. 

Observability’s Future: AI and ML Integration Takes Us to Site Reliability Engineering (SRE) from 

Responding to Issues with Tools to Proactively Troubleshooting Issues. AI frameworks can search the 

millions of traces to fish out small deviations from local expected behaviours, even if they get the larger 

picture right always. 

 

Another trending area is proactive (SLO) management. When a request is still in flight, a partial execution 

path is monitored called “trace prefixes” which helps an AI model predict the probability that a request 

will end up violating its latency target. This makes it possible to intervene at either the computing end or 

the networking end, through measures such as resource expansion, or via traffic steering, to alleviate tail-

latency spikes in real-time. 

 

As enterprises continue to undergo cloud-native transformations, incorporating these advanced 

diagnostics into other platforms such as MuleSoft and Kafka will be vital to achieving the operational 

excellence expected in today’s markets. The journey towards smart, self-healing systems from basic 

request tracking is the next step in evolution. 

 

Conclusion 

Building end-to-end tracing across MuleSoft, Kafka, and microservices is a fundamental requirement for 

the reliability and performance of modern enterprise architectures. By leveraging the OpenTelemetry 

framework and the W3C Trace Context standard, organizations can bridge the technical and cultural silos 

that often exist between integration, platform, and application teams. The implementation requires a 

careful orchestration of instrumentation—utilizing native runtime capabilities, custom notification 

listeners, and specialized libraries to preserve context across synchronous and asynchronous boundaries. 

While the performance overhead of tracing must be managed through intelligent sampling and efficient 

deployment patterns, the visibility gained is invaluable. A comprehensive tracing strategy reduces the time 
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spent on forensic debugging, enables precise performance optimization, and provides a foundation for 

advanced AI-driven diagnostics. As the industry moves toward zero-code observability with eBPF and 

proactive SLO management, the ability to maintain a holistic, request-centric view will remain the 

cornerstone of successful digital transformation and operational resilience. 
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