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Abstract 
Contemporary software development necessitates swift, dependable, and scalable deployment 

methodologies, with Continuous Integration and Continuous Deployment (CI/CD) pipelines 

constituting the cornerstone of this delivery framework. As codebases and organisational 

frameworks become increasingly intricate, conventional sequential pipelines fail to satisfy the 

latency and efficiency demands of agile teams. This study examines the acceleration of CI/CD 

pipelines via the implementation of parallel build graphs and dependency optimisation methods. It 

explores the conceptual transition from linear execution models to Directed Acyclic Graph (DAG)-

based pipelines, wherein parallel job execution optimises resource utilisation. Additionally, the 

study analyses how sophisticated dependency methods, such as build caching, change-based 

execution, and version pinning, save duplicate computations and enhance determinism. The 

discourse is based on architectural patterns, actual tool implementations, performance 

benchmarking, and observability approaches that collectively provide resilient, scalable, and 

responsive CI/CD systems. The results underscore the significance of integrating structural 

parallelism with astute dependency management to attain high-performance continuous delivery 

operations. 
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Introduction 

Continuous Integration and Continuous Deployment (CI/CD) pipelines have become fundamental 

to software development, facilitating rapid iteration, automated testing, and efficient delivery 

cycles. Nonetheless, the escalating intricacy of software systems in large organisations presents a 

significant challenge to pipeline efficiency. Key issues include protracted build times, inadequate 

dependency management, and various bottlenecks that result in inefficient feedback loops. Such 

issues not only impede the pace of development but also escalate delivery costs, diminish developer 

satisfaction, and reduce the responsiveness of engineering teams to business requirements [1][2]. 

The increasing adoption of microservices, containerisation, and infrastructure-as-code has elevated 

dependency density and orchestration overhead in CI/CD operations. Traditional linear or semi-

linear pipelines are inadequate to meet the demands of dispersed applications for simultaneous 

building and testing. As a result, the development teams have begun exploring more advanced 

techniques for accelerating CI/CD pipelines. The implementation of concurrent build graphs and 

the resolution of dependencies mechanism represents one of the most promising methodologies in 

the sector. These methods aim to minimise the waiting time caused by redundant or sequential 
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operations by restructuring the construction pipeline into an intelligent dependency-aware 

execution graph [3][4]. 

Parallel build graphs utilise Directed Acyclic Graphs (DAGs) to schedule and execute build jobs 

that are independent of one another. This not only optimises resource utilisation for construction 

but also significantly reduces the entire delivery time. Furthermore, contemporary CI/CD 

orchestrators like as Jenkins, GitLab CI, and CircleCI have incorporated support for DAG-based 

pipelines, enabling development teams to design and execute intricate parallelised pipelines with 

conditional triggers and failover capabilities [5][6]. These tools can only be utilised effectively with 

a comprehensive understanding of the software architecture, the dependency hierarchy, and the 

performance characteristics of the build operations. Dependency optimisation, in contrast, involves 

the analysis, reduction, and strategic management of the dependencies that form the build graph 

structure. Nested dependencies, redundant package retrievals, and version discrepancies are 

common characteristics of contemporary software systems that can substantially hinder pipeline 

performance. The dependency resolution technique and tools, such as the build cache mechanisms 

of Gradle, Buck, and Bazel, aim to address these issues by executing deterministic and cache-aware 

builds. Recent advancements in static analysis and predictive modelling enable dynamic 

modifications to the pipeline based on the effects of code changes, hence enhancing efficiency 

[7][8]. 

Robust motivation for CI/CD pipelines necessitates acceleration, seen across diverse software 

engineering domains including online services, embedded systems, finance, and healthcare 

applications. A minimal enhancement in construction speed can result in a substantial boost in 

productivity within high-frequency deployment environments. Research indicates that a more 

streamlined CI pipeline significantly reduces the average time-to-merge for pull requests, 

minimises context-switching among engineers, and fosters an organisational culture of rapid 

iteration and experimentation [9][10]. This article will provide a comprehensive analysis of how 

CI/CD pipelines can be accelerated through the use of parallel build graphs and the implementation 

of more efficient dependency management. The subsequent section presents the theoretical 

foundation for examining the constraints of conventional pipeline topologies and the conceptual 

framework of dependency-aware build graphs. This will offer a context for the detailed analysis of 

parallelism in CI/CD systems, focusing on implementation methods and performance factors. 

Conceptual Underpinnings of Parallelism and Dependency Management in Continuous 

Integration/Continuous Deployment 

To effectively accelerate contemporary CI/CD pipelines, one must first examine the structural 

limitations of traditional pipeline architecture. Conventional CI/CD procedures are typically 

structured as a sequential set of tasks, wherein each task must await the completion of its 

predecessor before initiation, as depicted in Figure 1. Although this approach is straightforward and 

reliable, it is inherently constrained regarding concurrency, leading to suboptimal utilisation of 

computational resources. The linear technique gets increasingly wasteful as software projects 

expand in size and modularity, especially when there are numerous independent components that 

can be produced or evaluated autonomously of one another. 
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The principle of CI/CD parallelism involves utilising a Directed Acyclic Graph (DAG) to illustrate 

the sequence of job execution. In a Directed Acyclic Graph (DAG) pipeline, each node signifies a 

task or step, while the edges denote direct collaboration among the nodes. This structure enables 

the simultaneous execution of non-interdependent tasks, hence improving total throughput. 

Simultaneous testing of frontend, backend, and database migrations is feasible when there are no 

code or data dependencies. The transition from linear to DAG-based modelling necessitates a 

modification in the construction of pipelines by teams, often requiring further modularisation of 

the build and test phases [13][14]. The application of Directed Acyclic Graphs (DAGs) in build 

systems is not inherently novel. Tools such as GNU Make, along with its contemporary counterparts 

like Ninja and Bazel, have historically employed directed acyclic graphs (DAGs) internally to 

manage task dependencies. Nonetheless, the incorporation of DAG logic into CI/CD orchestrators 

is a recent advancement, driven by the need to accommodate intricate microservice architectures 

and distributed delivery models. Most contemporary CI platforms now offer support for Directed 

Acyclic Graphs (DAGs), enabling teams to declaratively declare job dependencies, after which the 

scheduler autonomously computes the critical route. Parallel build graphs are effective solely when 

the dependency graph has been optimised. This highlights the concept of dependency management. 

Imperfect dependency trees may introduce spurious dependencies—tasks that appear to be 

interdependent but are, in fact, independent. These erroneous dependencies cause the pipeline to 

operate sequentially, which is unnecessary to improve the potential for parallel processing. 

Common approaches for optimising dependencies encompass eliminating the chaining of repetitive 

jobs, modularising shared libraries, and utilising build cache procedures to avert the execution of 

identical components [17][18]. 

Change-based execution is a significant optimisation approach employed in dependency 

optimisation, wherein only the segments of the pipeline impacted by code modifications are 

regenerated or retested. A system is required to track file-level or module-level alterations to 

specific pipeline processes. Strategies based on change, when integrated with Directed Acyclic 

Graph (DAG) execution models, can significantly reduce build times by dynamically pruning the 

execution graph. The execution of this through technologies such as Bazel and Gradle Enterprise 

employs file hashing, graph caching, and remote build execution [19][20]. Another factor to 

examine is the significance of semantic versioning and dependency pinning. In most CI/CD 

environments, it is customary to utilise floating or unspecified dependency versions, leading to 

inconsistent builds and cache invalidation. The precise specification of dependency versions and 

the utilisation of deterministic resolution methods ensure result reproducibility and minimise 

unnecessary recalculation. This level of determinism is particularly relevant in compliance-oriented 

industries, where auditability and traceability are crucial factors. As pipeline configurations 

progress, observability and monitoring are crucial for identifying bottlenecks and 

misconfigurations of dependencies. Visual pipeline dashboards and telemetry provide teams with 

the current execution graph, job durations, and often invalidated or sluggish phases. This 

Information underpins the iterative optimisation process, enabling teams to adjust the pipeline 

architecture based on real performance trends rather than conjecture [23][24]. These fundamentals 

establish a basis for implementing sophisticated techniques that enhance concurrency and minimise 

overhead in CI/CD procedures. The subsequent section elaborates on this theoretical framework by 

examining the practical methodologies and instruments utilised in parallel build graph execution, 
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referencing how organisations design and operate Directed Acyclic Graphs (DAGs) to attain 

optimal pipeline performance. Based on existing knowledge of parallelism and dependency 

management in CI/CD pipelines, it is essential to investigate the current implementation of parallel 

build graphs. This section will analyse the technical methodologies, instruments, and 

considerations involved in modelling and executing highly parallelised CI/CD operations. 

Execution of Concurrent Build Graphs 

Parallel build graphs in CI/CD pipeline execution involve formulating an execution plan that 

accurately reflects the logical dependencies between build and test processes, hence optimising 

concurrency while maintaining correctness. A proficient parallel construction graph enables many 

phases of the pipeline to execute concurrently when they are not interdependent, hence minimising 

total execution time and maximising throughput. The method necessitates conceptual modelling of 

activities alongside support for CI/CD orchestrators capable of efficiently executing DAGs [1][2]. 

A de-monolithic process is an early phase in the development of a parallel CI/CD pipeline, wherein 

monolithic operations are fragmented into smaller tasks. This granularity is crucial because 

monolithic, huge stages inherently provide implicit dependencies that restrict concurrency. Teams 

can identify tasks suitable for parallelisation by isolating them, such as unit tests, integration tests, 

static analysis, and artefact packing. This modular approach adheres to the single responsibility 

principle and facilitates the identification of opportunities for parallel execution that may be 

obscured in a linear framework [3][4]. The majority of CI/CD systems presently facilitate the 

configuration of pipelines utilising Directed Acyclic Graphs (DAGs). For instance, GitLab CI 

allows a developer to define stages and jobs with explicit dependencies using the requires keyword, 

which dictates the sequence of job execution without requiring a linear stage model. Similarly, in 

CircleCI and Argo Workflows, one may furnish declarative representations of build graphs: the 

nodes represent distinct jobs, while the edges denote dependencies. Topological sorting determines 

the execution sequence on these systems, which can execute several jobs concurrently provided 

their dependencies are satisfied [5][6]. 

Parallelism is additionally generating new challenges in resource management. Simultaneously 

scheduling several jobs may strain shared resources such as CPU, memory, and network bandwidth, 

particularly in self-hosted runners or resource-constrained cloud environments. Consequently, 

pipeline architects must implement resource-aware scheduling strategies that account for 

concurrent restrictions, job priority, and job isolation. Job queueing, dynamic scaling of workers, 

and containerised execution environments (e.g., Docker, Kubernetes pods) are strategies commonly 

employed to efficiently manage resource contention [7][8]. Fail-fast and fail-safe are further 

characteristics of the implementation of parallel construction graphs. In instances of concurrent job 

execution, it is advisable to terminate the pipeline when a vital task fails to conserve resources and 

provide immediate feedback to the developers. Non-critical failures, such as linting or optional 

reporting tasks, can be isolated to prevent disruption of the entire pipeline. CI/CD systems often 

incorporate methods that permit failure when manual or conditional job execution is necessary to 

maintain this flexibility [9][10]. Furthermore, parallel build graphs necessitate effective handling 

of shared artefacts. Given that numerous tasks may depend on the outputs of others, CI/CD systems 

must facilitate the secure and efficient sharing of artefacts among jobs. This is often achieved 
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through job-level caching, artefact upload and download processes, and external storage 

connectors. Numerous artefact caching difficulties must be addressed well to ensure cache stability, 

avert conflicts, and minimise unnecessary computation [11][12]. In certain environments, 

especially those characterised by a complex interdependency tree and microservices, parallelism 

can be enhanced using matrix builds. The method facilitates the replication of the identical task 

template across diverse configurations, encompassing testing in several environments, versions, or 

database backends. A matrix build is particularly suited for projects necessitating extensive 

compatibility testing and can substantially enhance parallelism in a pipeline without necessitating 

job duplication [13][14]. 

Parallel pipelines also account for security. Sandboxing or isolating tasks within containers 

mitigates cross-job interference and limits the potential impact of misconfigurations or 

vulnerabilities. Environment variable scope and secret management are critical challenges in a 

parallel execution architecture due to the potential for information leakage between jobs pose 

significant threat. CI/CD tools are increasingly integrating fine-grained secrets management and 

context-aware access controls to mitigate these vulnerabilities [15][16]. While parallel build graphs 

yield enhanced speed advantages, they also incur maintenance overhead. Complex Directed 

Acyclic Graphs are challenging to visualise, understand, and troubleshoot, especially for new team 

members. Consequently, visual pipeline editors, documentation, and tools that generate visual 

Directed Acyclic Graph (DAG) representations from configuration files are invaluable. They 

facilitate teams in monitoring pipeline architecture and performance, identifying optimisation 

opportunities, and efficiently diagnosing faults. The efficacy of parallel pipelines is closely linked 

to the quality of relationship definition and management. The drawback of parallelism is that 

inadequate dependency resolution may convert what ought to be a serialisation into a de-

serialization. This relationship leads us to the subsequent discussion on dependency optimisation 

techniques that can be employed to improve parallel build graphs, hence accelerating the CI/CD 

process. 

The following table categorises the structural logic of build graphs, models of parallelism, and 

executional flexibility of common CI/CD solutions to enhance understanding of the diversity and 

impact of parallel execution across different systems. 

This comparison analysis reveals that while most contemporary CI/CD platforms provide varying 

degrees of parallelism, their adaptability in their Directed Acyclic Graph (DAG) is limited. 

The modelling and management of work dependencies might vary significantly. These 

discrepancies are essential for assessing the efficacy of parallel implementation strategies across 

diverse contexts. 

Methods for Dependency Optimisation 

While parallel execution is essential for enhancing CI/CD pipeline speed, its potential is fully 

realised when combined with efficient dependency optimisation techniques. Dependency 

management, alongside establishing the build graph topology, influences the determinism, 

repeatability, and cache efficiency of each pipeline operation. Consequently, the optimisation of 

dependencies entails reducing superfluous dependencies, identifying the most efficient solutions, 

and ensuring that builds are as minimal and incremental as feasible [19][20]. 
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The reduction of superfluous computation is a core principle in dependency optimisation. In 

software and extensive projects, especially monorepo initiatives, a solitary code modification can 

trigger a cascade of downstream tasks due to excessive declarations or outdated dependencies. By 

implementing detailed dependency declarations, teams can reduce the scope of activated jobs, 

hence avoiding the need to recreate unaffected components. This requires appropriate module 

boundaries and dependency metadata that may be automated using dependency analysers and 

impact assessment tools [21][22]. Optimising dependencies is crucial for constructing a cache. 

Current build technologies such as Bazel, Gradle, and Buck facilitate local and remote caching, 

allowing the retention and reuse of previous build results when input files are modified. These tools 

employ content-based hashing, allowing them to determine whether the task inputs have altered, 

so enabling the output to be retrieved from the cache instead of being recalculated. The efficient 

use of caching can significantly reduce build times, especially during repetitive development cycles 

or continuous testing processes [23][24]. 

To enhance cache performance, developers must ensure that builds are deterministic and devoid of 

side effects. Unwarranted cache invalidation may arise from non-deterministic behaviours, 

including timestamp generation, external service access, or alterations to global states. These 

circumstances may instigate unnecessary cache refreshes and result in excessive executions. 

Dependency optimisation entails the refinement of build scripts and tools to guarantee determinism, 

which can be accomplished via sandboxed or hermetic builds that isolate the execution environment 

of each task [25][26]. The alternative robust technique is dependency graph pruning, which 

involves removing unnecessary or transitive dependencies from the construction graph. This can 

be achieved by analysing the use of dependencies and eliminating any packages or libraries that 

are entirely unused. Dependency auditors, graph visualisation tools, and static analysers would 

assist in identifying superfluous links. Additionally, there are dependency insight tools, such 

depcruise, madge, and dependencyInsight (Gradle), utilised for visualising and auditing extensive 

dependency trees [27][28]. 

Dependency version pinning and lockfiles are essential in larger projects, as they ensure that the 

build remains reproducible and unaffected by upstream changes initiatives. Explicit versions of 

dependencies can be documented in lockfiles such as package-lock.json, Pipfile.lock, or 

Gemfile.lock. When subjected to version control, these files will produce a dependency graph 

across environments and pipeline executions. Version constraints and conflict resolution procedures 

can be employed to avert version drift and minimise resolution time through dependency resolution 

tools [29][30]. 

Moreover, dependency analysis can be integrated with sophisticated change detection algorithms 

to create intelligent pipelines that respond solely to relevant changes. Pipelines can circumvent 

executing entire operations by employing techniques such as file diffing, commit impact analysis, 

and path-based triggers. The modules must remain connected to prevent alterations in the frontend 

code from triggering backend integration tests. This selective implementation strategy conserves 

resources and provides developers with expedited feedback on selected changes. The integration 

of techniques such as build caching, deterministic execution, dependency trimming, version 

pinning, and intelligent change detection will yield a highly efficient and maintainable CI/CD 

workflow. These optimisations collaborate with parallel construction graphs to maximise 
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concurrency and reduce the amount of work required. Their performance efficacy will be assessed 

in the subsequent section, where the benchmarking measures and observability methods applicable 

for measuring pipeline acceleration are discussed. 

Moreover, it is beneficial to compare the advantages and disadvantages of prevalent dependency 

optimisation methods for their effectiveness, complexity, and scalability. The table below presents 

an evaluative summary. This analysis demonstrates that while all methods of dependency 

optimisation possess notable advantages, their effectiveness differs based on project size, tooling 

environment, and team expertise. Therefore, selecting the suitable combination of approaches and 

optimising CI/CD acceleration is essential. 

Performance Evaluation and Monitoring 

Following the implementation of parallel build graphs and the optimisation of dependencies, the 

subsequent critical task is to assess the tangible enhancement in the performance of CI/CD pipelines 

resulting from these advancements. Benchmarking provides tangible evidence of pipeline 

efficiency, while observability allows for real-time assessment of pipeline condition, resource 

utilisation, and bottlenecks. Collectively, these approaches enable teams to verify optimisations, 

uphold stability, and perpetually enhance pipeline configurations. Benchmarking in CI/CD 

environments often focuses on the following important performance indicators: pipeline execution 

time, mean time to feedback (MTTF), resource utilisation, and task success/failure rates. The total 

execution time and MTTF are considered significant due to their direct influence on developer 

productivity and iteration pace. Compared to sequential versions, parallelised pipelines often 

exhibit a reduction in execution time of 40-70 percent, contingent upon the level of concurrency 

achieved and the number of build cache visits [1][2]. 

To conduct effective benchmarking, it is essential to document the history of a representative 

sample of the pipeline execution. The variability to be gathered should encompass code complexity, 

change volume, and infrastructure demand. This will guarantee that benchmarks reflect actual 

performance rather than optimal scenarios. GitLab, Jenkins, and CircleCI include integrated 

metrics displays within their CI/CD platforms, while more intricate settings incorporate external 

observability stacks such as Prometheus, Grafana, and Datadog to augment data collecting and 

visualisation [3][4]. A critical route analysis is a vital component of performance evaluation. In a 

DAG-based pipeline, the critical route is characterised as the longest sequence of interdependent 

jobs that determines the minimum execution time of the entire pipeline. Significant time savings 

can be achieved by identifying and optimising the important path through caching, decomposition, 

or activity prioritisation. The outcomes of critical path analytics can be displayed as pipeline graph 

renderings or exported as metrics through CI tool plugins [5][6]. Conducting job-level timing 

analysis is also essential. This entails the observation of average runtime, standard deviation, and 

percentiles (e.g., P90 or P95) for each job over a certain duration. When some jobs consistently fail 

to meet their execution deadlines, it may signify underlying issues such as network latency, cache 

invalidation, or resource competition. These insights will be beneficial for job definition, container 

size optimisation, and the intelligent scheduling of parallel tasks [7][8]. 

Alongside execution time, cache efficiency is a crucial metric in evaluating dependency 

optimisation schemes. The ratio of cache hits, download latencies, and stale cache occurrences is a 
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statistic employed to assess the efficacy of builds in leveraging previous outputs. Contemporary 

build systems possess either inherent cache performance analytics or telemetry integrations. For 

instance, Gradle Enterprise offers insights, at the build scan level, regarding task reuse and cache 

efficacy [9][10]. Resource observability is critically important in a distributed runner or autoscaling 

build agent scenario. Monitoring tools must provide the capability to log CPU, memory, disc I/O, 

and network utilisation for each job or node to facilitate efficient resource allocation. This is 

essential, especially in horizontal scaling inside cloud-native CI/CD platforms, where resource 

costs can escalate rapidly. Excessive provisioning will lead to superfluous cloud costs, while 

inadequate provisioning may result in workload failure or throttling [11][12]. 

A further pillar of observability is failure analysis and alerting. All pipelines must provide real-time 

alerts for failed jobs, sluggish tasks, and unreliable dependencies. Warnings ought to be contextual, 

incorporating logs, stack traces, and environmental details to aid in debugging. Integration with 

incident management systems like PagerDuty, Opsgenie, or Slack facilitates timely responses and 

reduces downtime. Root cause analysis (RCA) techniques are often integrated into observability 

platforms, facilitating the identification of correlations between failures and recent system 

anomalies or modifications [13][14]. Advanced observability stacks empower teams to do anomaly 

detection and predictive analysis. The teams can identify performance regressions, anticipate job 

failures, or recommend caching methods by utilising machine learning models on previous pipeline 

data. This active surveillance is essential in extensive development contexts where several pipeline 

executions occur daily, rendering hand-over inspection unfeasible [15][16]. Ultimately, 

observability procedures and benchmarking should foster a culture of continual improvement. The 

actions to be implemented include retrospectives and pipeline review cycles that analyse current 

metrics, discuss failures, and highlight optimisations. Teams that regularly analyse pipeline 

performance data are more inclined to maintain robust pipelines, reduce the mean time to resolution 

(MTTR), and enhance developer satisfaction. When organisations regard CI/CD observability as a 

primary discipline, they can more effectively sustain high development velocity over the long term 

[17][18]. After familiarising oneself with the performance characteristics and metrics evaluation 

procedures, it is essential to comprehend how teams might integrate these principles into practical 

CI/CD infrastructures. This section examines practical implementation strategies, architectural 

designs, and organisational behaviours that provide scalable, optimised, and transparent CI/CD 

processes. 

Architectural Patterns and Practical Implementation Strategies 

The growing intricacy of CI/CD systems is linked to architectural patterns that methodically 

integrate parallelism, caching, observability, and dependency management into the software 

delivery lifecycle by engineering teams. These patterns enhance the speed and reliability of the 

pipeline while also augmenting the maintainability and scalability of the project and teams. The 

micro-pipeline architecture is a prevalent methodology in which each component or service of a 

big software system possesses its own pipeline within the CI/CD framework. This concept aligns 

with microservices software architectures, facilitating autonomous deployments, fault separation, 

and fine-grained scaling. Parallel build graphs, component-specific dependency analysis, and 

isolated caches may be employed independently to improve each micro-pipeline. This diminishes 

interconnectivity and the velocity of repetition for each autonomous group [19][20]. 



THE COMPUTERTECH 
(An International Peer Review Journal) 
 

62 | P a g e  
 

A pertinent design is a centralised orchestration layer utilised to coordinate several pipelines. This 

design features a central orchestration service, implemented using tools like Jenkins Pipeline 

Libraries, Argo Workflows, or Spinnaker, which executes sub-pipelines in response to changesets, 

events, or job completion signals. This allows for the articulation of intricate delivery logic in a 

declarative manner while also enabling parallel execution at the micro-pipeline level. This 

decentralised execution is additionally reinforced by message-based event-driven orchestration 

models (e.g., Kafka or RabbitMQ) that provide state consistency [21][22]. Multi-environment build 

caching is a crucial implementation method essential for high-scale contexts such as enterprise 

development or the continuous supply of SaaS systems. The teams utilise distributed caching 

layers, encompassing remote build caches stored on AWS S3, Google Cloud Storage, or Artifactory, 

which are accessible across pipeline executions, geographies, and development environments. 

These caches facilitate the reuse of stored data, reduce superfluous downloads, and enable cache-

warming, which involves pre-fetching popular artefacts to enhance the performance of first builds 

[23][24]. 

An alternative viable trend is monorepo dependency isolation, which involves utilising tools like 

Bazel or Pants to manage dependencies in extensive codebases. These methods allow each module 

in a monorepo to specify its dependencies, facilitating selective rebuilding based on file-level 

modifications. This differs from standard monorepos, where a single modification necessitates 

whole rebuilds. Monorepos facilitate parallelised and optimised CI/CD pipelines by employing 

sandboxed builds, input tracking via hashes, and dependency declarations articulated as rules 

[25][26]. To facilitate observability, numerous organisations implement a three-tier telemetry stack 

comprising measurements (Prometheus), logs (ELK stack), and traces (OpenTelemetry). The stack 

provides a comprehensive overview of pipeline behaviour over time and across systems. For 

example, distributed tracing allows teams to monitor the execution of a task across multiple 

containers or agents, while logging systems provide context during post-mortem analyses. These 

observability layers are often accompanied with monitoring dashboards and real-time notifications 

[27][28]. 

Conclusion 

The speed of delivery in the evolving landscape of modern software engineering has become as 

crucial as the quality of the software itself. The cornerstone of this rapid delivery model is 

Continuous Integration and Continuous Deployment (CI/CD) pipelines, which ensure that the 

testing, validation, and deployment of each code modification is executed with optimal efficiency. 

Nonetheless, as systems expand in scale, interconnection, and complexity, traditional sequential 

pipelines increasingly underperform. This study has examined how the use of parallel build graphs 

and dependency optimisation might transform CI/CD processes by improving concurrency, 

minimising duplicate computations, and refining feedback loops. According to the conceptual 

framework presented in the previous paragraphs, it is evident that linear pipelines possess an 

intrinsic limitation due to their serial nature. Utilising Directed Acyclic Graph (DAG) execution 

models, pipelines can clearly articulate dependencies, facilitating parallelism when feasible. The 

integration of dependency-sensitive scheduling and caching systems with these DAG structures 

facilitates the concurrent execution of numerous tasks while maintaining correctness. The transition 

from static to dynamic pipelines through dependency-driven execution represents a significant 
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advancement in CI/CD architecture. The elements of parallel build graphs, including practical 

implementation, necessitate meticulous job decomposition, resource allocation, and resilient error-

tolerance strategies. Natural pipeline systems, like Jenkins, GitLab CI, CircleCI, and Argo 

Workflows, now inherently support Directed Acyclic Graph (DAG) logic, offering a declarative 

representation of job dependencies and triggers. When combined with ephemeral containerised 

build agents and runners, they provide scalable, secure, and high-performance CI/CD setups. 

References 

[1] Gallaba, K. (2019, September). Improving the robustness and efficiency of continuous integration and 

deployment. In 2019 IEEE International Conference on Software Maintenance and Evolution 

(ICSME) (pp. 619-623). IEEE. 

[2] Thalary, S., & Katipelly, A. (2021). CI/CD for Distributed Software Systems: Why Software Architecture 

Determines Pipeline Complexity. International Journal of Emerging Research in Engineering and 

Technology, 2(4), 100-111. 

[3] Mathew, J., & Dileepkumar, S. R. A Comparative Analysis of Continuous Integration/Continuous 

Deployment Optimization Techniques: Enhancing DevOps Pipeline Efficiency through Modern 

Practices. In Research Advances in Network Technologies (pp. 269-283). CRC Press. 

[4] Lebeuf, C., Voyloshnikova, E., Herzig, K., & Storey, M. A. (2018, September). Understanding, 

debugging, and optimizing distributed software builds: A design study. In 2018 IEEE International 

conference on software maintenance and evolution (ICSME) (pp. 496-507). IEEE. 


