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ABSTRACT

The management of time and cost is a critical aspect of project management and plays a major role in the
successful delivery of projects across various industries. This paper presents an analytical review of the
evolution of time-cost trade-off (TCT) methods and parameters from 1960 to 2025. By tracing the historical
development of TCT methodologies, this study categorizes them into traditional, modern, and advanced
frameworks. Each category is examined in terms of its foundational principles, mathematical modeling,
applicability, advantages, limitations, and influence on project management practices. The review highlights
how TCT methods have evolved from deterministic optimization techniques to more sophisticated approaches
incorporating uncertainty, multi-objective optimization, and intelligent decision-support systems. The analysis
reveals substantial progress in computational techniques, the integration of risk management, and the
emergence of technology-enabled methods such as machine learning, artificial intelligence, and real-time data
analytics. Furthermore, increasing attention to sustainability and agile project management has expanded the
scope of TCT research beyond conventional time and cost considerations. The findings underscore the
importance of adapting TCT methods to contemporary project management challenges and suggest future
research directions focused on integrating advanced computational models, sustainability metrics, and
adaptive decision-making frameworks to improve project performance and resource utilization.

Keywords: Time-Cost Trade-Off, Project Management, Cost Optimization, Scheduling, Literature
Review, Machine Learning, Artificial Intelligence.

1. INTRODUCTION

The interaction between time and cost is a fundamental concern in project management, particularly in
construction, manufacturing, and information technology. The time-cost trade-off (TCT) refers to the process
of balancing project duration against total cost, enabling project managers to make informed decisions that
align with organizational objectives. Over the past six decades, TCT methods have evolved considerably,
reflecting advances in both theory and practice [1].

In project environments, a range of factors influences time and cost, including safety requirements, material
prices, and technological development. For example, research on construction safety risk assessment has
highlighted the financial dimensions of safety programs [2, 3]. Similarly, studies on material costs and building
weight demonstrate how external economic factors can affect project budgets [4, 5].

This paper aims to provide a comprehensive analytical review of TCT methods and parameters from 1960
to 2025. The review begins with traditional methods, continues through modern approaches, and concludes
with advanced techniques that incorporate recent technological innovations. By examining both historical
context and current trends, this study seeks to clarify the development of TCT methods and their relevance to
contemporary project management practice [6].

https://arcu.cdsts.ir Page 1



9 (gm0t ylugaaila
) Jmmnd | (5. b Ji

5th Iranian Architecture and

Urbanism Students
International Conference

il

2. HISTORICAL CONTEXT OF TIME-COST TRADE-OFF

CPM and PERT created
the first formal basis for
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project management.

1970s

Mathematic
al models

Linear programming and
dynamic  programming
were used to optimize
time and cost together.

1990s

Modern
methods

Resource-constrained

scheduling became important,
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Fig. 1. Graphical abstract of time-cost trade-off development

2.1 Early Developments in Project Management

Models began to include
uncertainty,
more realistic project

risk, and

Machine learning,
Al, and real-time

data analytics
became part of TCT
research.

The 1960s marked an important stage in the evolution of project management, as formal methods and
analytical tools began to emerge. During this period, the development of the Critical Path Method (CPM) and
the Program Evaluation and Review Technique (PERT) established the basis for subsequent TCT analysis [7].

CPM, introduced by DuPont in 1957, became widely adopted in the 1960s as a scheduling method for
identifying the longest sequence of dependent activities in a project. This approach helped project managers

determine project duration and identify the tasks that require close attention [8].

PERT, developed for the U.S. Navy’s Polaris submarine project, introduced probabilistic time estimates
and provided greater flexibility in project scheduling. Together, CPM and PERT created the initial framework

for analyzing time and cost simultaneously [7].

https://arcu.cdsts.ir

Page 2



9 (gm0t ylugaaila
) Jmmnd | (5. b Ji

5th Iranian Architecture and

Urbanism Students
International Conference

il

2.2 Theoretical Foundations of Time-Cost Trade-Off

During the 1970s and 1980s, theoretical developments further refined TCT methods. Researchers began to
formalize the mathematical models underlying TCT analysis, particularly through optimization-based
approaches [9].

Linear programming became a prominent technique for optimizing time and cost. The seminal work by
Lambersen on cost-time trade-off in project scheduling provided an important foundation for later studies [9].
Dynamic programming also made a major contribution by enabling the consideration of multiple objectives in
project scheduling. This approach allowed project managers to evaluate trade-offs more systematically and
effectively [8].

2.3 Modern TCT Methods

TCT methods continued to evolve in the 1990s alongside modern project management practices. The
integration of computational techniques and software tools transformed the way TCT problems were analyzed
and solved [7].

Resource-constrained project scheduling (RCPS) emphasized the importance of resource allocation in TCT
analysis. This development encouraged a more comprehensive view of project management by considering not
only time and cost, but also resource availability [8].

The 2000s witnessed the growing use of heuristic and metaheuristic methods, including genetic algorithms
and simulated annealing, to address complex TCT problems. These approaches offered powerful tools for
optimizing time-cost trade-offs in large-scale projects [10]. More recently, models developed for time-cost
trade-off optimization have addressed uncertainty in project environments, further extending the practical value
of these methods [1].

3. REVIEW OF TIME-COST TRADE-OFF METHODS
3.1 Traditional Methods

3.1.1 Critical Path Method (CPM)

The Critical Path Method (CPM) is a project management tool used to identify the longest sequence of
activities that must be completed on time for a project to meet its deadline. This sequence, known as the critical
path, directly determines the project’s overall duration. CPM is based on the assumption that certain activities
depend on the completion of others, meaning that some tasks cannot begin until prerequisite tasks are finished.
By identifying the critical path, project managers can focus their attention on the activities that are most
essential to timely project completion [7].

Implementing CPM involves several steps. First, the project manager lists all activities required to complete
the project and estimates the duration of each one. Next, the dependencies among activities are identified,
allowing a network diagram to be constructed. Once the network is established, the critical path is determined
by locating the longest path through the project network. Any delay in an activity on this path will delay the
entire project [7].

CPM offers several advantages. It provides a clear visual representation of project schedules, helps identify
critical tasks, and supports effective planning and scheduling. However, it also has limitations. Its deterministic
assumptions may not reflect real-world uncertainty, and its network structure can become difficult to manage
in large projects. In addition, changes in project scope or unexpected delays may reduce its practical flexibility

(8].

3.1.2 Program Evaluation and Review Technique (PERT)

The Program Evaluation and Review Technique (PERT) is a statistical project management method
developed to analyze and represent the activities involved in project completion. Unlike CPM, which uses
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deterministic time estimates, PERT incorporates uncertainty by assigning probabilistic estimates to task
durations. This makes PERT especially useful in projects where activity durations are difficult to predict, such
as research and development projects [7].

To apply PERT, project managers first identify all project activities and their dependencies. For each
activity, three estimates are defined: optimistic time, pessimistic time, and most likely time. These values are
then used to calculate the expected duration using the formula:

(0O+4M +P)

5 (1

Expected Time =

where O is the optimistic time, M is the most likely time, and P is the pessimistic time [8].

The expected times are then used to build a network diagram similar to CPM, which shows the sequence
of activities and their interdependencies. This diagram enables project managers to identify the critical path
and estimate the total project duration [8].

PERT has several advantages, including its ability to account for uncertainty, its flexibility across different
project types, and its usefulness in identifying critical tasks. Nevertheless, it can also be complex to implement,
depends heavily on subjective estimates, and requires substantial data collection and analysis [7].

3.1.3 Simple Cost-Time Trade-Off Models

Simple cost-time trade-off models are foundational tools in project management that help determine the
optimal balance between project duration and cost. These models are based on the assumption that time and
cost are directly related in project execution. In general, reducing project duration increases costs because
additional resources or expedited processes are required, while extending duration may reduce costs by
lowering resource intensity [7].

In these models, the project manager first estimates the normal time and crash time for each activity. Normal
time refers to the standard duration of the task, while crash time represents the shortest possible duration
achievable by using additional resources. The costs associated with both durations are then identified. The
result is a cost-time curve that illustrates the increase in cost as project duration decreases [8].

The main strength of these models is their simplicity and ease of application. They are useful for quick
decision-making and provide a clear visual basis for understanding trade-offs. However, they may oversimplify
the complexity of real projects because they often ignore resource constraints, uncertainty, and
interdependencies among activities [7, 8].

3.2 Modern Methods

3.2.1 Linear Programming

Linear programming is a mathematical optimization technique widely used in project management to
identify the best possible solution within a defined set of constraints. It is particularly useful for problems
involving a linear objective function and limited resources. In the context of time-cost trade-offs, linear
programming helps project managers optimize resource allocation while minimizing costs and meeting project
deadlines [11].

A typical linear programming model includes decision variables, an objective function, and constraints.
Decision variables represent the choices available to the project manager, the objective function defines the
goal, such as cost minimization, and the constraints reflect limitations such as resource availability or time
requirements. Solving the model produces optimal values for the decision variables, supporting more informed
project decisions [11].

Linear programming offers precision, efficient resource allocation, and flexibility across different project
settings. However, it requires accurate data, can become difficult to formulate for large-scale problems, and
assumes a deterministic environment that may not fully reflect real-world uncertainty [11].
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3.2.2 Dynamic Programming

Dynamic programming is an optimization method used to solve complex problems by breaking them into
smaller subproblems. It is especially useful in time-cost trade-off analysis because it can handle multiple
objectives and constraints. The method is based on the principle of optimality, which states that an optimal
solution contains optimal solutions to its subproblems [8].

In project scheduling, dynamic programming uses a recursive structure to define the value of the optimal
solution in terms of smaller stages. The project manager defines a state space that represents the project stages
and the decisions available at each stage. By evaluating each possible decision and its associated cost, dynamic
programming identifies the optimal sequence of activities that minimizes cost while satisfying time constraints
[8].

This method provides flexibility, comprehensive evaluation, and exact solutions when structured correctly.
Its main drawbacks are high computational cost, implementation complexity, and limited applicability to
problems that do not have a suitable recursive structure [1, 8].

3.3 Advanced Methods

3.3.1 Resource-Constrained Project Scheduling (RCPS)

Resource-Constrained Project Scheduling (RCPS) includes methods designed to optimize project schedules
while accounting for limited resources. In many projects, resources such as labor, equipment, and materials are
finite, making it necessary to include these limitations in scheduling decisions. RCPS helps project managers
allocate resources more effectively and complete projects within time and budget constraints [12].

In RCPS, project managers first identify all activities, their durations, and the resources required for each
one. A schedule is then developed that respects resource constraints while minimizing project duration or cost.
This usually involves building a resource allocation model that accounts for activity dependencies and resource
availability [12]. Various algorithms, including priority rules, branch-and-bound methods, and heuristic
techniques, can be used to solve RCPS problems. Recent models for identifying uncertainty sources and their
impacts on construction projects may further strengthen RCPS applications [5].

RCPS offers more realistic scheduling, better resource utilization, and improved planning outcomes.
However, it can be difficult to implement, computationally demanding, and sensitive to changes in resource
availability [12].

3.3.2 Heuristic and Metaheuristic Approaches

Heuristic and metaheuristic approaches are optimization techniques used to obtain satisfactory solutions to
complex project management problems when exact methods are impractical. Heuristics are rule-based
strategies that provide fast, approximate solutions based on experience or intuition. Metaheuristics are higher-
level methods that guide other search strategies toward better solutions through iterative improvement [10].

In time-cost trade-off analysis, heuristics can be used to identify feasible schedules and resource allocations.
For example, the earliest due date rule prioritizes tasks according to their deadlines. Although heuristics can
produce quick results, they do not always guarantee optimality [10].

Metaheuristics, such as genetic algorithms, simulated annealing, and particle swarm optimization, search
the solution space more thoroughly. These methods evaluate multiple solutions iteratively and adjust their
search based on performance, gradually approaching an optimal or near-optimal result [10, 13].

The main advantages of these approaches are their ability to handle complex problems, produce solutions
quickly, and adapt to different project conditions. Their limitations include the lack of guaranteed optimality,
potentially high computational cost, and the need for specialized expertise in implementation [11].
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3.3.3 Machine Learning and Artificial Intelligence

Machine learning (ML) and artificial intelligence (Al) are emerging technologies that are reshaping project
management, particularly in time-cost trade-off analysis. These technologies enable project managers to
process large datasets, identify hidden patterns, and support decision-making through predictive analytics [14].

In time-cost trade-off applications, machine learning algorithms can analyze historical project data to
predict durations and costs more accurately. Supervised learning methods, for example, can be trained on past
project outcomes to estimate future performance based on current project variables. This predictive capability
helps project managers anticipate delays, cost overruns, and resource bottlenecks, enabling more proactive
decisions [14].

Al-based tools can also automate routine tasks, optimize resource allocation, and provide real-time
feedback on project performance. For instance, Al systems can adjust schedules dynamically in response to
changes in resource availability or task progress, helping maintain continuous optimization throughout the
project lifecycle [13]. In addition, fuzzy inference models developed for scheduling in agile environments may
further improve decision-making in project management [15].

Machine learning and Al provide data-driven insight, dynamic adaptability, and stronger forecasting
capability. Their challenges include implementation complexity, dependence on high-quality data, and the
learning curve associated with advanced computational tools [14].

4. COMPARATIVE ANALYSIS OF TCT METHODS

To enable a structured comparison of TCT methods, the following criteria are used (table 1):
methodological rigor, computational efficiency, scalability, flexibility of application, and data requirements
[13].

Table 1. Comparative analysis of TCT methods
Method Methodological Computational Data

Rigor Efficiency Scalability  Flexibility Requirements
CPM Moderate High High Moderate Low
PERT Moderate Moderate High High Moderate
Simple Cost- . .
Time Models Low High Moderate High Low
Linear . High Moderate High Low High
Programming
Dynamlc. High Low Moderate Low High
Programming
RCPS High Moderate High Moderate High
Heuristic . . .
Methods Moderate High High High Moderate
Metaheuristic . . .
Approaches Moderate High High High Moderate
Machine . . . .
Learning High Moderate High High Very High

5. EMERGING TRENDS AND FUTURE DIRECTIONS

5.1 Integration of Risk Management

Recent developments have emphasized the importance of integrating risk management into TCT analysis.
A better understanding of uncertainties and potential risks enables project managers to make more informed
decisions regarding time and cost trade-offs [5]. In addition, incorporating quantitative risk assessment

https://arcu.cdsts.ir Page 6



9 (gm0t ylugaaila
| | (5t i

5th Iranian Architecture and

Urbanism Students
International Conference

il

techniques into TCT models improves the evaluation of alternative project scenarios and enhances the
reliability of project planning. For example, identifying sources of uncertainty and assessing their impacts on
construction projects can strengthen risk management strategies and improve project performance [5].
Therefore, integrating risk management with TCT analysis increases decision-making quality and helps
organizations achieve more resilient and predictable project outcomes.

5.2 Technology-Enabled Methods

The rise of technology-enabled methods, such as machine learning and Al, creates new opportunities for
improving TCT analysis. These technologies can process large volumes of data, identify hidden patterns, and
generate accurate predictions that support better decision-making [14, 16]. Furthermore, Al-based models can
improve schedule forecasting, optimize resource allocation, and evaluate multiple project alternatives more
efficiently than traditional approaches. As digital technologies continue to evolve, intelligent decision-support
systems are expected to play an increasingly important role in future TCT applications.

5.3 Real-Time Data Analytics

The incorporation of real-time data analytics into TCT methods has the potential to transform project
management practice. By using data from multiple sources, project managers can adapt their strategies
dynamically and optimize time-cost trade-offs throughout the project lifecycle [17]. Continuous monitoring of
project performance allows managers to identify schedule deviations and cost overruns at an early stage,
enabling timely corrective actions. As a result, real-time analytics improves project transparency, supports
proactive decision-making, and enhances the overall effectiveness of TCT analysis.

5.4 Sustainability Considerations

Sustainability has become an increasingly important factor in project management and now influences time-
cost trade-off decisions. As organizations place greater emphasis on environmental and social impacts, project
managers must incorporate sustainability metrics into TCT analyses [18, 19]. In addition to project duration
and cost, decision-makers are increasingly required to consider factors such as resource efficiency, carbon
emissions, and long-term environmental performance. This development requires new methods that account
for sustainability alongside time and cost while achieving a balanced and comprehensive evaluation of project
alternatives.

5.5 Collaborative and Agile Approaches

The growing use of collaborative and agile project management approaches requires a rethinking of TCT
techniques. Agile methods emphasize flexibility and adaptability, which can challenge traditional TCT models
that are not well suited to iterative project development [20]. Frequent changes in project scope and stakeholder
requirements require TCT models that can support continuous planning and rapid decision-making. Future
research should examine how TCT methods can be adapted to support agile project management frameworks
while maintaining effective optimization of project time, cost, and resource allocation.

6. CONCLUSION

The evolution of time-cost trade-off methods from 1960 to 2026 reflects the broader development of project
management theory and practice. From early deterministic approaches to modern technology-enabled methods,
TCT analysis has become more sophisticated, flexible, and applicable to diverse project conditions. This paper
has provided an overview of key TCT methods and highlighted their strengths and limitations.

As project management continues to evolve, the integration of innovative technologies and risk
management will be essential for improving time-cost trade-off decisions. Future research should focus on
hybrid methodologies that combine traditional and advanced approaches to enhance the effectiveness of TCT
analysis in different project environments.
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