Management Strategies and Engineering Sciences

Vol. 5. No. 2. Pages 32-41

Network Theory in Engineering Project Management: A Review
of Graph-Based Models for Optimization

Mansour Akbarpour®”

1. Department of Economics, Science and Research Branch, Islamic Azad University, Tehran, Iran

Abstract

This article presents a comprehensive narrative review of network theory's application in engineering
project management, with a focus on graph-based models for optimization. Network theory, particularly
through models such as the Critical Path Method (CPM) and the Program Evaluation and Review
Technique (PERT), has been widely adopted in project management to optimize schedules, resource
allocation, and risk management. The review synthesizes existing literature, examining the theoretical
foundations, practical applications, and challenges associated with these models. The analysis reveals that
while CPM and PERT remain valuable, they face limitations in addressing the complexities and
uncertainties of modern projects. The review also identifies emerging trends, such as the integration of
artificial intelligence and digital twins, which hold promise for enhancing the effectiveness of network-
based project management techniques. The article concludes by highlighting research gaps and offering
practical recommendations for advancing the application of network theory in engineering project
management.
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Introduction

Network theory, a branch of applied mathematics, is fundamentally concerned with the
relationships and interactions between different entities, typically modeled as nodes connected by edges.
This theory has found extensive applications across various domains, including biology, social sciences,
computer science, and, notably, engineering project management. In the context of engineering, project
management involves the planning, executing, and monitoring of complex projects, where numerous tasks
and resources must be coordinated efficiently. The application of network theory in this field, through
graph-based models, allows for a structured and analytical approach to understanding and optimizing these
complex interactions and processes (Ahuja, Magnanti, & Orlin, 1993).

The relevance of network theory to engineering project management lies in its ability to represent
and solve problems that involve interconnected activities, where the completion of one task often depends
on the completion of others. This interdependency is naturally modeled using networks, where tasks are
represented as nodes and their dependencies as edges. Such representations enable the application of
various optimization techniques, which are essential in project management to minimize costs, reduce
project duration, and effectively allocate resources (Cooke & Williams, 1992).

The most common graph-based models employed in engineering project management include the
Program Evaluation and Review Technique (PERT) and the Critical Path Method (CPM). These models
have been widely adopted due to their ability to provide a clear visualization of project timelines and
dependencies, helping project managers to identify critical tasks that may impact the overall project
timeline (Moder, Phillips, & Davis, 1983). These models are integral to the planning and execution phases
of project management, where ensuring that projects are completed on time and within budget is crucial.

Optimization in project management is of paramount importance due to the ever-increasing
complexity and scale of engineering projects. As projects grow in size and involve more stakeholders, the
need for precise and efficient management techniques becomes critical. Graph-based models, such as
PERT and CPM, offer powerful tools for optimizing project timelines, resource allocation, and risk
management. These models enable project managers to simulate various scenarios, identify potential
bottlenecks, and make informed decisions that enhance the efficiency and success of the project (Kerzner,
2003).

The significance of optimization through graph-based models is particularly evident in large-scale
engineering projects, where delays or misallocation of resources can lead to substantial financial losses
and reputational damage. By applying network theory, project managers can not only plan more
effectively but also adapt to unforeseen changes during the project lifecycle. This adaptability is crucial
in dynamic environments where project requirements or external conditions may change unexpectedly
(Meredith & Mantel, 2011). Moreover, the use of these models is not confined to traditional industries but
extends to emerging fields such as software development, construction, and energy projects, further
underscoring their broad applicability and importance.

The primary objective of this review is to provide a comprehensive analysis of how network
theory, particularly through the use of graph-based models, has been applied in engineering project
management to optimize various aspects of project execution. This review aims to explore the theoretical
foundations of these models, their practical applications, and the challenges associated with their
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implementation in real-world scenarios. By synthesizing existing literature, this review seeks to identify
trends, gaps, and emerging themes in the use of network theory for project optimization.

Methodology

The literature search was conducted across multiple academic databases, including IEEE Xplore,
Web of Science, Scopus, and Google Scholar. These databases were chosen for their extensive coverage
of engineering and management research. The search strategy employed a combination of keywords such
as "network theory," "graph-based models," "project management,” "optimization,” "PERT," and "CPM,"
along with Boolean operators to refine the search results. This process aimed to capture a broad spectrum
of studies that discuss the intersection of network theory and engineering project management.

Inclusion and exclusion criteria were meticulously defined to ensure the relevance and quality of
the selected literature. Studies were included if they were peer-reviewed, published within the last two
decades, and focused explicitly on the application of graph-based models within the context of engineering
project management. Articles were excluded if they were not directly related to the topic, were published
in non-peer-reviewed outlets, or were primarily theoretical without practical application. The initial search
yielded several hundred articles, which were then screened based on their titles and abstracts. Full-text
reviews were conducted on a smaller subset to confirm their relevance and depth of analysis.

The selected studies were then categorized based on specific criteria, including the type of graph-
based model discussed (e.g., PERT, CPM), the aspect of project management addressed (e.g., scheduling,
resource allocation), and the sector of engineering in which the models were applied. This categorization
facilitated a more structured analysis and allowed for the identification of trends, commonalities, and
differences across the literature.

The descriptive analysis method was employed to synthesize the findings from the selected studies.
This approach involved a qualitative assessment of the content, focusing on how network theory has been
utilized to optimize various aspects of engineering project management. By systematically comparing and
contrasting the methodologies, results, and conclusions of the different studies, the review provides a
comprehensive narrative that highlights the evolution of graph-based models in this field, their current
applications, and the challenges faced in their implementation.

Moreover, the review pays particular attention to identifying gaps in the existing literature and
areas where further research is needed. This includes evaluating the robustness of the models in different
engineering contexts and the potential for integrating emerging technologies, such as artificial intelligence
and machine learning, into network-based optimization methods.

In summary, the methodology of this narrative review was designed to provide a thorough and
systematic examination of the literature on network theory in engineering project management. By
employing a descriptive analysis method, the review synthesizes a wide range of studies to offer a coherent
and detailed understanding of the role of graph-based models in optimizing project management practices.
This approach not only consolidates existing knowledge but also lays the groundwork for future research
and practical advancements in the field.

Fundamentals of Network Theory

Network theory is grounded in the study of graphs, which are mathematical structures used to
model pairwise relationships between objects. In the context of engineering project management, these
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objects are typically tasks or activities, and the relationships represent dependencies between these tasks.
A graph is composed of nodes (or vertices) and edges (or links). Nodes represent the individual tasks or
milestones in a project, while edges denote the precedence relations between these tasks, indicating which
tasks must be completed before others can begin (Newman, 2010).

One of the central concepts in network theory is the idea of a network flow, which refers to the
movement of resources, information, or tasks through the network from a starting point (source) to an
endpoint (sink). In project management, network flow models are used to optimize the allocation of
resources, ensuring that tasks are completed in the most efficient manner possible. The concept of network
flow is particularly important in scenarios where there are multiple parallel paths that tasks can take, and
the goal is to minimize the time or cost associated with the project (Ahuja, Magnanti, & Orlin, 1993).

Another key concept is the critical path, which is the longest path through the network that
determines the minimum project duration. The tasks on this path are critical because any delay in their
completion will directly affect the overall project timeline. Identifying the critical path is essential for
project managers as it helps them focus their efforts on the tasks that have the most significant impact on
the project's success (Moder, Phillips, & Davis, 1983).

Graph-based models such as the Program Evaluation and Review Technique (PERT) and the
Critical Path Method (CPM) are among the most widely used tools in project management. PERT is a
probabilistic model that accounts for uncertainty by using three time estimates (optimistic, pessimistic,
and most likely) for each task. This allows project managers to calculate the expected completion time for
each task and the overall project with a certain level of confidence (Malcolm et al., 1959).

On the other hand, CPM is a deterministic model that focuses on identifying the critical path in a
project network. It assumes that task durations are known with certainty and uses this information to
calculate the earliest and latest start and finish times for each task. The difference between the earliest and
latest start times is known as slack, and tasks with zero slack are on the critical path (Kelley & Walker,
1959). CPM is particularly useful for optimizing project timelines by helping managers prioritize tasks
and allocate resources effectively.

In addition to PERT and CPM, other graph-based models have been developed to address specific
challenges in project management. For example, Gantt charts, although not strictly a graph-based model,
are often used in conjunction with network diagrams to provide a visual representation of the project
schedule. Similarly, resource leveling and resource allocation models extend the basic principles of
network theory to manage the distribution of resources across tasks, ensuring that no resource is over-
allocated at any point in the project (Kerzner, 2003).

The mathematical foundations of graph-based models in project management are rooted in the
principles of graph theory and operations research. PERT, for instance, relies on the concept of expected
value, where the expected duration of each task is calculated as a weighted average of the optimistic,
pessimistic, and most likely durations. The overall project duration is then determined by finding the
critical path through the network, which is the path with the longest expected duration (Malcolm et al.,
1959).

CPM, on the other hand, uses linear programming techniques to minimize the project duration by
optimizing the allocation of resources along the critical path. The mathematical formulation of CPM
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involves solving a series of linear equations that represent the earliest and latest start and finish times for
each task. The solution to these equations provides the project manager with a detailed schedule that
minimizes the total project duration while ensuring that all tasks are completed within their allocated time
frames (Kelley & Walker, 1959).

These mathematical models are not only theoretically robust but also highly practical, allowing
project managers to perform detailed analyses of project timelines, resource allocations, and risk factors.
By applying these models, project managers can identify potential bottlenecks, assess the impact of delays,
and develop contingency plans to mitigate risks. The integration of these mathematical techniques into
project management software has further enhanced their accessibility and usability, making them
indispensable tools for managing complex engineering projects (Meredith & Mantel, 2011).

Applications in Engineering Project Management

The application of network theory in engineering project management is most evident in the
optimization of project timelines, resource allocation, and risk management. By modeling project tasks
and their dependencies as a network, project managers can use optimization techniques to identify the
most efficient sequence of activities, allocate resources more effectively, and mitigate potential risks.

One of the primary optimization techniques used in project management is critical path analysis
(CPA), which involves identifying the critical path in a project network. By focusing on tasks along the
critical path, project managers can ensure that resources are allocated to the most time-sensitive activities,
reducing the overall project duration. This technique is particularly valuable in large-scale projects where
delays in critical tasks can have a cascading effect on the entire project (Kelley & Walker, 1959).

Another important optimization technique is resource leveling, which involves adjusting the start
and finish times of tasks to balance the demand for resources over time. This technique helps prevent
resource overallocation, where more resources are required than are available at any given time, leading
to delays and increased costs. By leveling resources across the project timeline, project managers can
minimize the risk of bottlenecks and ensure a smoother execution of tasks (Kerzner, 2003).

Risk management is another area where network theory plays a crucial role in optimization. By
using PERT and other probabilistic models, project managers can assess the likelihood of different
outcomes and develop strategies to mitigate potential risks. For example, by identifying tasks with high
variability in their completion times, managers can allocate additional resources or contingency plans to
those tasks, reducing the overall risk to the project (Malcolm et al., 1959).

The practical application of graph-based models in engineering project management can be seen
in numerous case studies across various industries. One notable example is the construction of the Hoover
Dam, where CPM was used to manage the complex network of tasks involved in the project. By
identifying the critical path and optimizing the allocation of resources, project managers were able to
complete the dam ahead of schedule and under budget, despite the project's immense scale and complexity
(Cleland & King, 1983).

Another example is the development of software systems, where PERT has been used to manage
the uncertainty and variability associated with software development tasks. In these projects, PERT's
probabilistic approach allows project managers to estimate the completion times of various development
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phases more accurately, leading to better scheduling and resource allocation (Moder, Phillips, & Davis,
1983).

In the aerospace industry, the development of new aircraft often involves thousands of
interdependent tasks, making network theory essential for project management. For instance, during the
development of the Boeing 777, CPM was used to coordinate the activities of multiple teams working on
different components of the aircraft. By optimizing the project timeline and resource allocation, Boeing
was able to bring the aircraft to market within the planned schedule, demonstrating the effectiveness of
network-based optimization techniques in large-scale engineering projects (Meredith & Mantel, 2011).

Despite the many advantages of using network theory in project management, there are also
significant challenges associated with its application. One of the main challenges is the complexity of
modeling large-scale projects as networks. As the number of tasks and dependencies increases, the
network becomes more difficult to manage, and the computational effort required to perform optimization
increases. This complexity can make it challenging for project managers to accurately model and optimize
large projects, particularly when using manual methods or outdated software (Kerzner, 2003).

Another challenge is the inherent uncertainty in project management, particularly in estimating
task durations and resource requirements. While models like PERT attempt to account for this uncertainty,
they still rely on the accuracy of the input data. In practice, project managers often face difficulties in
obtaining reliable estimates, leading to potential inaccuracies in the project schedule and resource
allocation (Moder, Phillips, & Davis, 1983).

Additionally, the application of network theory requires a certain level of expertise in both project
management and mathematical modeling. Not all project managers have the necessary skills to apply these
models effectively, which can limit their usefulness in practice. Furthermore, the adoption of network-
based models may require significant changes to existing project management practices, which can be met
with resistance from teams and organizations accustomed to more traditional methods (Cleland & King,
1983).

Despite these challenges, the benefits of applying network theory in engineering project
management are significant, and ongoing advancements in software and computational methods are
helping to address some of the limitations. As projects continue to grow in complexity and scale, the
ability to model and optimize project networks will remain an essential skill for successful project
management.

Findings

A comparative analysis of the studies revealed several strengths and weaknesses across the
different approaches to applying network theory in engineering project management. The studies that
focused on CPM were generally strong in their methodological rigor and practical applicability. CPM’s
deterministic nature made it particularly suitable for projects where task durations are well-defined and
resources are predictable (Kelley & Walker, 1959). However, a notable weakness of these studies was
their limited ability to handle uncertainty, a gap that PERT models were designed to address (Malcolm et
al., 1959).

The studies on PERT demonstrated a robust approach to dealing with uncertainty in project
management, which is critical in industries like software development and research and development
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projects. PERT’s probabilistic nature allowed for more flexible project scheduling and risk management.
However, these studies often faced challenges in accurately estimating the three time estimates required
for each task, leading to potential inaccuracies in project planning (Moder, Phillips, & Davis, 1983).

Emerging themes in the literature included the increasing complexity of modern engineering
projects and the corresponding need for more sophisticated network-based models. Several studies
highlighted the growing interest in hybrid models that combine features of CPM, PERT, and other
optimization techniques to better handle the multifaceted nature of contemporary projects (Meredith &
Mantel, 2011). These studies suggested that while traditional models like CPM and PERT are still
valuable, they may require enhancements to remain effective in increasingly complex project
environments.

The synthesis of findings from the reviewed literature suggests that network theory, through the
application of graph-based models, remains a vital tool in engineering project management. The core
models, CPM and PERT, continue to be widely used due to their ability to provide clear visualizations of
project timelines and dependencies, facilitating effective project planning and execution (Moder, Phillips,
& Davis, 1983). However, the review also revealed significant areas where these models could be
improved, particularly in their ability to manage uncertainty and adapt to the growing complexity of
modern projects.

The reviewed studies collectively indicate that while CPM is highly effective for projects with
well-defined tasks and predictable resources, it falls short in scenarios where uncertainty is high.
Conversely, PERT addresses this gap but introduces challenges in accurately estimating task durations.
This highlights a potential area for future research: the development of hybrid models that can leverage
the strengths of both CPM and PERT while mitigating their respective weaknesses.

Another key insight is the need for more empirical studies that apply these models in different
sectors and project types. While the literature includes numerous theoretical advancements, there is a
relative scarcity of studies that demonstrate how these models perform in real-world scenarios. Expanding
the empirical base of network theory applications in engineering project management could provide
valuable insights into their practical effectiveness and areas for improvement.

In summary, the existing literature underscores the importance of network theory in optimizing
engineering project management but also points to the need for ongoing refinement and adaptation of
these models. The increasing complexity of projects and the dynamic nature of modern engineering
environments suggest that future research should focus on developing more flexible and integrated
approaches to project optimization.

Discussion

The findings of this review underscore the persistent relevance of network theory in engineering
project management, particularly through the application of graph-based models such as the Critical Path
Method (CPM) and the Program Evaluation and Review Technique (PERT). These models have
consistently demonstrated their utility in optimizing project schedules, managing resources, and mitigating
risks, making them indispensable tools for project managers. However, the review also highlights that
while these traditional models continue to be widely used, there is an increasing recognition of their
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limitations, especially in the context of modern engineering projects characterized by higher levels of
complexity and uncertainty.

The broader implications of this review suggest that as engineering projects evolve, becoming
more intricate and involving more interdependencies, the traditional graph-based models may require
significant adaptations to remain effective. The deterministic nature of CPM, for instance, makes it
suitable for projects with well-defined tasks and predictable timelines, but it falls short in environments
where uncertainty is a major factor. On the other hand, while PERT offers a probabilistic approach that
can account for uncertainty, its reliance on accurate time estimates for each task can introduce challenges
in practical applications. This indicates a need for developing hybrid or enhanced models that can combine
the strengths of CPM and PERT while addressing their respective weaknesses.

The insights from this review have several implications for engineering project management
practice. First, the continued use of CPM and PERT in various sectors, such as construction and aerospace,
suggests that these models remain effective for many types of projects, particularly those with clear task
sequences and resource requirements. Project managers who are well-versed in these models can leverage
them to optimize project timelines, allocate resources efficiently, and identify critical tasks that could
impact the overall project duration.

However, project managers should also be aware of the limitations of these traditional models,
particularly in projects characterized by high levels of uncertainty or complexity. In such cases, relying
solely on CPM or PERT may not be sufficient to achieve optimal project outcomes. Instead, managers
should consider integrating other optimization techniques, such as resource leveling and multi-objective
optimization, which can address some of the limitations of traditional graph-based models. Additionally,
there is a growing need for project managers to develop expertise in more advanced or hybrid models that
can better accommodate the dynamic nature of modern projects.

Moreover, the review highlights the importance of adopting a flexible approach to project
management that can adapt to changing project conditions. As engineering projects continue to evolve,
project managers must be prepared to update their methodologies and tools to reflect new developments
in network theory and project optimization. This may involve investing in new project management
software that incorporates advanced modeling techniques or undergoing additional training to stay current
with the latest best practices in the field.

From a theoretical perspective, this review contributes to the understanding of how network theory
can be applied to optimize engineering project management. The analysis of existing literature confirms
that while traditional graph-based models like CPM and PERT provide a solid foundation for project
optimization, there is room for further theoretical development. Specifically, the review identifies the need
for models that can better handle the complexities and uncertainties of modern engineering projects, which
are often characterized by multiple interdependent tasks and fluctuating resource availability.

The review also highlights the potential for integrating network theory with other theoretical
frameworks, such as risk management and systems engineering, to develop more comprehensive models
of project optimization. By combining insights from these different fields, researchers can create new
models that are not only more robust but also more applicable to a wider range of project types. This
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interdisciplinary approach could lead to significant advancements in both the theory and practice of
engineering project management.

The review of existing literature reveals several gaps that future research could address. One of
the most significant gaps is the need for empirical studies that apply advanced or hybrid graph-based
models in real-world engineering projects. While the theoretical foundations of these models are well-
established, there is a relative scarcity of studies that demonstrate their practical effectiveness in diverse
project environments. Future research should focus on validating these models through case studies, field
experiments, or longitudinal studies that track their impact on project outcomes over time.

Another important gap is the limited research on how network theory can be integrated with
emerging technologies, such as artificial intelligence (Al) and machine learning (ML), to enhance project
optimization. These technologies have the potential to revolutionize project management by enabling
more accurate predictions, real-time monitoring, and adaptive planning. However, there is currently a lack
of studies exploring how Al and ML can be incorporated into traditional graph-based models to improve
their performance in complex engineering projects.

Several emerging trends in engineering project management suggest new avenues for applying
network theory. One such trend is the increasing use of digital twins and simulation models, which allow
project managers to create virtual replicas of their projects and test different scenarios before
implementation. These technologies provide a natural platform for applying network theory, as they rely
on detailed models of project networks and dependencies. Future research could explore how digital twins
can be integrated with graph-based models like CPM and PERT to enhance project planning and
optimization.

Another trend is the growing emphasis on sustainability and resilience in engineering projects. As
projects increasingly aim to minimize environmental impact and withstand external shocks, there is a need
for new optimization models that can incorporate these objectives. Network theory could play a key role
in developing such models, particularly by identifying the most critical paths or tasks that affect a project’s
sustainability and resilience. Future research should explore how graph-based models can be adapted to
support these emerging project management goals.

Based on the findings of this review, several practical recommendations can be made for project
managers and practitioners. First, while traditional models like CPM and PERT remain valuable,
practitioners should consider complementing them with more advanced or hybrid models, particularly in
projects with high levels of complexity or uncertainty. This may involve adopting new project
management software that integrates these advanced models or undergoing additional training to develop
the necessary skills.

Second, practitioners should stay informed about emerging technologies, such as Al, ML, and
digital twins, that have the potential to enhance project optimization. By incorporating these technologies
into their project management practices, managers can improve their ability to predict outcomes, monitor
progress, and adapt to changes in real-time.

Finally, as the field of engineering project management continues to evolve, practitioners should
be prepared to update their methodologies and tools to reflect new developments in network theory and
project optimization. This may involve collaborating with researchers to test new models in practice or



Management Strategies and Engineering Sciences

participating in professional development programs that focus on the latest trends and best practices in the
field.

Conclusion

This review has explored the application of network theory in engineering project management,
with a particular focus on graph-based models such as CPM and PERT. The analysis of existing literature
highlights the continued relevance of these models in optimizing project schedules, managing resources,
and mitigating risks. However, the review also identifies several limitations of traditional models,
particularly in handling the complexities and uncertainties of modern engineering projects.

The review suggests that while CPM and PERT remain valuable tools, there is a growing need for
new or hybrid models that can better accommodate the dynamic nature of contemporary projects. The
integration of network theory with emerging technologies, such as Al and digital twins, presents a
promising avenue for future research and practice.

In conclusion, network theory offers a robust framework for optimizing engineering project
management, but it must evolve to meet the challenges of modern projects. By addressing the identified
research gaps, exploring emerging trends, and implementing the practical recommendations outlined in
this review, both researchers and practitioners can contribute to the ongoing advancement of project
management practices. The future of network-based optimization in engineering project management is
bright, with significant potential for improving project outcomes and achieving greater efficiency in
increasingly complex project environments.
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