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ARTICLE INFO ABSTRACT

Received: 29 Jan 2026 Software delivery pipelines for enterprises require deterministic execution and resource
consumption across a distributed build and testing environment. As CI/CD workflows grow
in size and complexity, the servicing algorithms that provide these capabilities also become
important factors in engineering productivity. This article focuses on the sequential
servicing algorithms for distributed pipelines for jobs that include the checkout, build, test,
and commit validation. Constraint-aware scheduling attempts a trade-off between
optimizing the latency of a single job and the overall throughput of a system. The time
windows for which resources are available and service constraints are considered. It
provides a model describing identity and duration properties of the service and methods for
selecting slots based on availability. Overall, this system helps create advanced
orchestration engines, but existing schedulers don't handle batch optimization and
sensitivity to arrival rates well. This method addresses both issues by employing threshold-
based decision-making, providing users with a clear approach to designing pipelines that
optimize resource usage while ensuring the system remains responsive to new tasks. The
pipeline is strong against varying loads, and the sequential scheduling architecture makes
the most effective use of the infrastructure while remaining responsive to developers.
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1. Introduction

Software delivery pipelines for enterprises are the operating bedrock of the principles of modern software
development, where source code is promoted through a series of steps to validated deployable artifacts.
These steps are typically executed in succession, starting with source code checkout. During the second
phase, the code is compiled and automatically tested, and the final step is the commit integration. Each step
has its cost. Each stage has its resource requirements.

By encouraging the discipline of continuous integration, build automation reduces the need for manual
intervention during the software development process. Test automation provides reliable verification, and
deployment automation provides more rapid cadence. Trade-offs in continuous integration have been well-
studied, including their impact on assurance, security, and flexibility for modern pipelines [1]. While much
progress has been made, providing both quick feedback and ample validation is still an active challenge for
pipeline design.

Today's build infrastructures must tackle growing complexity, the growth of development teams, their
distribution across geographic locations, as well as increasing commit frequencies through trunk-based
development. Because customary scheduling does not consider the interactions between the stages of the
pipeline, it can often yield suboptimal throughput and resource fragmentation. However, the caumulative
scheduling overhead across pipeline stages limits the overall gain.

The participation of cross-functional teams poses additional challenges for pipeline organization. A key
aspect of modern software engineering is the integration of development and operations and their quality
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assurance [2]. The scheduling algorithm must accommodate the needs of various stakeholders. Build
engineers desire efficient compilation. Test engineers require infrastructure, and release managers would
like to have predictable delivery schedules. Advanced algorithms are needed to balance these.

The problem scope is not limited to resource allocation but also includes sequential service dependencies
and ordering. A test stage cannot begin until its build has completed, and a commit cannot be validated
until all tests have passed. These dependencies create critical paths through the pipeline. A delay at any
stage will stall subsequent stages. The scheduling algorithm respects the dependency chains, and the
best scheduling minimizes end-to-end latency and maximizes resource utilization.

Resource heterogeneity also complicates scheduling. Build hosts can have different computational
resources available, and test clusters can have different configurations. Some jobs need specific hardware.
Others need specific software environments. Such an arrangement creates a matching problem between
available resources and job requirements. This becomes a central algorithmic problem.

In this article, we study the problem of sequencing service activities under heterogeneous resource
constraints. The article centers on the concept of constraint awareness and throughput optimization in
scheduling. This approach combines existing scheduling theory with the specific requirements when
designing a pipeline and provides guidance to architects and infrastructure engineers.

2. Related Work

Most related work on continuous integration scheduling has focused on resource allocation to different
pipeline stages, optimizing them separately, without considering possible dependencies across different
pipeline stages. Customary scheduling theories do not cover the temporal aspect of build-test-commit
workflows. CSP approaches in operations planning could be relevant to pipeline orchestration. Additionally,
while the theory of batch scheduling used in manufacturing can group jobs, it does not directly address the
specific properties of software pipelines. This paper closes the divide between theoretical scheduling models
and pipeline scheduling requirements to achieve constraint-aware sequential scheduling with a framework
that extends batching control with threshold-based adaptation to available resources. Arrival-rate
monitoring allows for the preemptive scheduling of resources before queuing is necessary. Priority
classification schemes grade pipeline stages as critical or non-critical. The formal data model uses
structured representations for service specifications, availability records, and job specifications. Large
enterprise contexts can apply these methods due to their scalability. The execution history provides a basis
for real-world constraints. Feedback-driven changes to parameters allow for performance improvements
during operation, using one system to optimize speed while ensuring each job responds well under different
service demands.

3. Problem Domain and Sequential Service Constraints

3.1 Pipeline Stage Characterization

An example of a representative enterprise pipeline contains service stages, each with separate service time
requirements defining their execution time and resource dependencies governing their infrastructure. The
checkout and build phases generally require a host, whereas the testing phases may require more
customized infrastructure. Embedded software utilizes hardware simulation environments. Tests can run
concurrently in isolated execution clusters.

The behavior of the stages is also observable in industrial CI implementations. From the practice of CI, the
importance of stage-level monitoring is learned [3]. Each stage has a specific window of availability to
execute. Build hosts may be taken offline for maintenance, and the test clusters may fill during peak hours.
The scheduling algorithm must respect these temporal constraints.
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A stage's characteristics are the specifications of the service attribute. A service identity identifies a stage.
Duration attributes indicate the expected time; the checkout stage typically takes less time, and the build
stage usually takes longer, while other stages, such as testing, depend on the test suite. Commit validation
involves short verification operations.

Also, the required resources depend on the stage, e.g., build hosts need CPU, memory-intensive applications
need high RAM configurations, and tests may need network isolation. Integration tests require binding to
external services and therefore require a richer specification of constraints, because specifying them
prevents resource mismatches.

3.2 Job Flow Modeling

Jobs entering the pipeline have explicit service requirements. These specify which types of constraints may
apply. Duration expectations are so-called scheduling constraints. This heterogeneous set of constraints is
challenging to match. Simple checks for availability are insufficient; compatibility between constraints is
multi-faceted.

The literature on DevOps concepts and challenges recognizes job flow management as an important
challenge [4]. A survey of DevOps practices identifies integration bottlenecks as performance impediments.
The job flow modeling must also include arrival patterns, which vary throughout the development cycle.
Commit volume is usually highest during the morning. Evenings may have lower activity. Weekends may
have different patterns than weekdays.

Job specifications include the service name identifying the desired stage, the constraint type identifying the
required resources, and the constraint duration specifying the time required for the specified resources. The
submission time of the job is called its arrival time, and the structure allows for algorithmic solutions to the
problem. The format is extensible to additional attributes.

Some jobs depend on other jobs, such as a build job needing a successful checkout. By default, a test job
depends on the successful completion of a build job. Dependence forms a directed acyclic graph. The
scheduling algorithm must satisfy these dependencies and ordering constraints, which a topological sort
does. Dependency violations render the pipeline's state invalid.

Resource pool modeling complements job flow specification by defining the pool of hardware resources.
Host records contain information about what build machines are available. Cluster records describe the
availability of test environments. Slot records describe times when they are allocated. The pool state is
dynamic, with job completions freeing resources. The algorithm must still keep track of the capacity
consumed by newly allocated blocks.

Pipeline Service Time Resource Availability C .
Stage Requirement Dependency vailability Constraint
. Dedicated host Maintenance period

Checkout Short duration allocation restrictions

. Substantial time . . Peak hour capacity
Build allocation CPU-intensive hosts limitations

. Specialized - .

Test Variable based on scope infrastructure Cluster availability windows
Commit Brief verification duration | Integration services External service access

Table 1. Sequential Service Stage Specifications in Enterprise Pipelines [3, 4].
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4. Throughput Optimization Through Batching Control

4.1 Batching Threshold Determination

One common problem with distributed pipelines is not achieving the theoretical bound on throughput, and
longer individual jobs due to excessive batching can cause long wait times for developers. A scheduling
overhead occurs when batching is inadequate because the system schedules more times than necessary. An
optimal value of the threshold needs to be found.

Batch optimization can be applied through scheduling theory, including fields of research into algorithms
and operating systems that provide mathematical models to determine batch size for optimization [5] and
costly processing models, accounting for setup costs and levels of decision-making. Holding costs affect the
timing of the batches as well as the optimal batch size.

For practical batching control, utilization-based thresholds are used. The algorithm does not batch if more
than half of the target service's resources are idle. This process is responsive when the load is light, because
jobs are continued when capacity is available. Batching occurs only when the limits are reached. A threshold
value balances latency with scheduling efficiency.

For priority services, different thresholds may apply, and the deployment of testing infrastructure may be
limited. There may be multiple build hosts. It uses a 20% free threshold for prioritized services. This lower
threshold maintains responsiveness through the critical stages, gives feedback more quickly to developers,
and acknowledges that some resources are scarcer than others.

Effective batching control requires continuous estimation of utilization, which can be provided by resource
pool monitoring. Historical data can be used for threshold adjustments at peak load. In off-peak periods,
less stringent limits allow for more aggressive scheduling combined with adaptive responses.

4.2 Priority-Aware Resource Allocation

Some pipeline stages are more critical than others, depending on the critical path. Due to limited resources,
some processes are prioritized over others. The scheduling algorithm must have priority levels indicating
how batching should behave dynamically.

Scheduling research from the twentieth century has set the stage for most modern priority-based scheduling
methods [6]. The following gives a history of priority scheduling. Early systems used simple priority queues,
but these are less common in modern systems that use hierarchical multiple queues instead. Priority
inheritance deals with inversion, and aging avoids starvation.

Test clusters are often a bottleneck in testing infrastructure. Capacity improvements require heavy capital
investment and can take meaningful time, so the algorithm must use test infrastructure efficiently. Lower
batching thresholds increase the dispatching of jobs early and limit queue depth on prioritized resources.
Instead of binary priority classification, there can be an arbitrary number of different priority classes, with
jobs on the critical path assigned to the highest class. Time-critical jobs can be prioritized higher than
background jobs, which have a distinct classification scheme and lower priority. Configuration options are
used to customize environments.

Fairness must also be honored when priorities are involved in scheduling the jobs, specifically avoiding
starvation of low-priority jobs. To provide temporal fairness to lower-priority jobs, aging and time-based
priority increase mechanisms are employed in the scheduler to maintain a balance between responsiveness
and fairness.
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Service Batching Avoidance Batching Activation . .

Category Threshold Condition Scheduling Behavior
General G h o £ Resource pressure Immediate dispatch under
Services reater than 50% Iree increase light load
Priority o Constrained resource Rapid job dispatch
Services Greater than 20% free demand maintained
Critical Path L hreshold apolied High-value resource Maximum responsiveness
Jobs owest threshold applie requests ensured
Background Higher threshold Non-time-sensitive Batchi tted freel
Jobs permitted requests atching permitted freely

Table 2. Priority-Based Batching Decision Criteria [5, 6].

5. Constraint-Aware Sequential Scheduling Algorithm

5.1 Algorithmic Structure

The operating principle of this schedule design algorithm is to queue and schedule new jobs temporally
according to previously chosen constraints and infer likely host types from statistical clustering. Pattern
analysis finds likely testbed hosts. Slot windows identify likely temporal placement.

Performance prediction models for computers provide the theoretical background [7]. The simple model
follows. Models with unnecessary detail slow real-time performance because of their computational cost,
and low-order models do not provide enough detail. The balance point depends on system characteristics.
The constraints are applied after they have been established, filtering the pool of resources. Compatibility
with the service type is filtered first, excluding unavailable sources. Duration match thresholds correspond
to feasible assignments, where the cardinality of the filtered pool is the available parallelism. Before
scheduling, the algorithm assesses the arrival rates. If high, this indicates increased load; thus, the
algorithm is designed for lighter batching. Low arrival rates indicate a steady load, so immediate scheduling
is usually preferred. In contrast, a rate-sensitive strategy responds to arrival rate changes.

Final decisions are made by issue batching rules based on throughput, which are determined by utilization
thresholds that get adjusted by priority classifications. In batch dispatching, compatible jobs are grouped
because sharing is triggered by a predefined set of thresholds. The behavior is rule-based, making it easier
to debug and validate.

5.2 Balancing Competing Objectives

With algorithm design, key goals include minimizing individual job latency, as well as maximizing aggregate
throughput to maximize the cost-effectiveness of infrastructure. Fair resource allocation can be achieved.
Competing goals can be balanced for acceptable tradeoffs.

Sequencing and scheduling principles lie at the heart of the theoretical development of multi-objective
optimization [8] and can identify Pareto-optimal solutions. However, since no improvement on one
objective occurs without degradation on another, the algorithm must select among Pareto-optimal
alternatives. Selection criteria reflect the organization's values.

This low latency is due to scheduling as soon as a new resource is available but is offset by scheduling
overhead, as there are no batching delays for the jobs. Its pure latency-minimizing approach may result in
resource fragmentation, sacrificing throughput for greater responsiveness.

Maximizing throughput requires aggressive batching, amassing jobs until the batch limits are reached,
greatly increasing job latencies but reducing scheduling overhead for each job. Resource allocation can be
improved by combining resource usage, though the pure throughput-maximizing approach sacrifices
excellent responsiveness.
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In contrast, the constraint-aware approach specifies explicit balance mechanisms and sets thresholds for
latency-throughput tradeoffs. The priority classification expresses value judgments about the resource,
which can be configured. While other systems shift the trade-off point, development environments likely

prefer latency. Production settings may favor throughput.

Processing .
Input Data Operation Performed Output Result
Phase
Constraint Historical Statistical analysis and pattern | Feasible host types and
Establishment execution data recognition testbeds
Constraint Current resource | Service type and availability Filtered feasible
Application pool filtering assignment options
Arrival Rate Job submission Rate calculation and trend Load condition
Evaluation patterns analysis classification
Batching Rule Utilization Priority-adjusted threshold Batch formation or
Execution thresholds comparison immediate dispatch

Table 3. Sequential Scheduling Algorithm Processing Phases [7, 8].

6. Implementation Architecture and Data Modeling

6.1 Core Data Structures

Practical performance requires careful data structures, with service definitions capturing stages'
characteristics. Available states track the resources of nodes while job specifications encode the processing
requirements, and efficiently supported algorithms. The performance of the queries impacts scheduling
latency.

Operational systems are modeled, with an emphasis on the representational adequacy of their data
structures [9]. A data structure represents aspects of the system, and complexity degrades performance.
Insufficient detail leads to wrong results. The level of detail depends on the system's requirements. Service
structures encapsulate the identity and duration of the service. Each service has a name. Duration attributes
indicate expected execution time. Metric associations allow for performance tracking. The structure can be
extended by additional attributes and service-type inheritance.

Availability structures track the state of slots; service name links availability to service definitions. Slot
identifiers provide fine-grained tracking, while availability flags suggest those conditions. This structure
allows for temporal queries, and its history allows for pattern finding.

Job structures describe submission details. The service name identifies the target stage. Constraint type
denotes the type of resource, and constraint duration denotes the time needed. Arrival time records
submission timing and shows the dependency structure. Predecessor lists can track dependencies.

6.2 Scalability Considerations

The model scales to production and uses constraint matrices for a range of resource types with capacity
windows. This structure can be extended to higher levels and implemented efficiently.

Scheduling handbooks summarize scalability issues for large problems [10]. Decomposition techniques
break the problem into independent pieces. The hierarchical approach comprises methods that solve the
problem at different levels of abstraction. Approximation algorithms do not guarantee an optimal solution
but are of low complexity.

Heuristic scheduling algorithms generalize the simplest scheduling algorithms, and greedy heuristics are
rapid algorithms. Local search methods refine a solution. Meta-heuristic methods escape local optimums.
The optimization layer builds atop the core algorithm and is configurable for performance.

Copyright © 2026 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is

1444
properly cited.



Journal of Information Systems Engineering and Management
2026, 11(1s) e-ISSN: 2468-4376 https://www.jisem-
Research Article

journal.com/

Parameters are tuned based on feedback, and the execution results help calibrate the thresholds. Latency
readings may indicate when batching parameters should be changed. Throughput measurements indicate
when adjustments should occur. The feedback loop further improves accuracy by automating parameter
optimization using machine learning.

Time-varying capacity estimation allows resources to have different amounts of capacity during a given time
period. Maintenance windows reduce capacity. Hardware failures create unexpected constraints.
Estimation provides forecasts on future availability. Proactive scheduling prevents capacity shortfalls.
Implementations should support adding and removing resources dynamically, hot-adding resources to
increase available capacity. Resource removal contracts require the algorithm to handle a pool of resources
of changing size, with a transition to the new size that does not disrupt graceful degradation.

Data Primary Attrib Functional P Extension Capabili
Structure rimary Attributes unctional Purpose xtension Capability
Service N d ) ) Stage characteristic Type hierarchy through
Structure ame, duration, metric encapsulation inheritance
Availability Service name, slot identifier, Slot-level ki Temporal and historical
Structure status flag ot-level state tracking queries

Job Structure

Service name, constraint type,
arrival time

Submission detail
capture

Predecessor list for
dependencies

Resource Pool

Host records, cluster records,
slot records

Infrastructure
availability tracking

Dynamic state change
accommodation

Table 4. Core Data Structures for Pipeline Scheduling Implementation [9, 10].

Conclusion

Most state-of-the-art CI/CD platforms use sequential servicing algorithms. The proposed framework
generalizes these to incorporate constraint-aware resource matching and throughput-aware batching rules.
The work's sensitivity to the arrival rate of scheduling decisions also finds practical applications for
distributed build orchestration problems. It constructs formal models for services, constraints, and
availability states, creating tools for pipeline architects and infrastructure engineers to design effective
software pipelines. The complex relationship among batching decisions and resource usage patterns, as well
as a natural feedback mechanism in threshold-based scheduling, provides key insights for practitioners.
Investments in building and testing infrastructure return high value when properly applied at scale, while
developer feedback loops are more effective during peak demand times. As long as the data structure is
designed to be correct and efficient and has been designed from the beginning to scale, then production
deployment is feasible and the algorithm will scale. An additional avenue of improvement is the application
of machine learning to the process of inferring constraints and the use of adaptive batching based on real-
time utilization signals. Future work would benefit from multi-objective formulations that consider more
general organizational objectives. The conceptual and structural foundations provided in the article helps
to develop more mature enterprise pipeline orchestrators.
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