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Abstract 

Today's volatile economy encourages project owners to monitor their project 

schedules very closely, to ensure timely completion. The first incentive for such 

monitoring is escalation in commodity price and labour costs that may easily become 

more than the estimated amount. In addition, assumptions about the price and demand for 

the end-products are based on information available at the time of the initial estimates, 

which can be years prior to production. Any changes in these assumptions due to market 

fluctuations may render a project which was previously feasible financially unjustifiable 

after several years. On the other hand, when end-product prices are much higher than 

assumptions made during a feasibility study, organizations may be willing to finish 

projects earlier than planned to take advantage of higher profit margins even with the 

higher cost. For such reasons, a reliable mechanism for calculating time-cost trade-offs 

will considerably assist project managers in deciding on the level of schedule 

compression in projects, to consider reducing the duration with a reasonable cost 

increase.  

There are two main techniques by which schedule compression can be 

accomplished: activity accelerating, and overlapping. Activity accelerating is shortening 

project tasks' durations by incurring more cost. Overlapping is to perform the activities in 

parallel where in normal execution they would be completed in sequence. The amount of 

overlapping between two activities is expected to shorten duration, though due to the 

risks of changes and necessary rework, the duration saved would not be exactly the same 

as the length of the overlap.  
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The purpose of this research is to review and analyze schedule compression 

techniques in detail, in order to develop an optimization algorithm as a tool for 

determining the optimum degree of accelerating and overlapping in schedule activities. 

The "optimum degree" is the point that offers the maximum benefit from schedule 

compression.  

For this purpose, data and information have been collected through extensive 

literature reviews, interviews, and focus groups. The findings are analyzed and formed 

the basis for developing an algorithm to optimize activity accelerating and overlapping in 

schedule activities. The algorithm developed, and the accompanying computer tool, have 

been tested and validated by several experiments showing their efficiency and 

effectiveness. 
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Chapter One: Introduction 

Schedule compression is the technique by which project managers shorten project 

duration. Generally schedule compression is performed using two main techniques: the 

first may be termed "accelerating": shortening task duration by, essentially, adding more 

cost. Naturally enough, additional costs may be incurred for extra resources, higher 

overtime rates or any other payments, for reducing the task duration. The second 

technique for schedule compression is termed "overlapping". Overlapping is to perform 

normally-sequential activities in parallel. Unlike accelerating, activity overlapping often 

does not add any instant or obvious extra direct cost, but it can potentially add more risks 

and uncertainties to a project. The sources of these risks mostly derive from starting a 

successor activity with incomplete data and information. In those circumstances, any 

changes in the predecessor task's outputs would likely produce rework for the successor 

task and thus prolong the duration of the task. Hence, overlapping may not be as efficient 

as expected, due to such uncertainties. Because of the different impacts of these 

techniques on project time, cost and quality constraints, it is a challenge to develop a 

reliable analytical tool for performing time-cost trade-offs in cases where both options are 

available. Few studies can be found in the literature comparing the costs and benefits of 

each technique or recommending the best combination of accelerating and overlapping in 

the schedule compression process.  

As noted above, the purpose of this research is to develop an algorithm to 

determine the optimum degree of accelerating and overlapping in combination, to reach 

the maximum benefit while meeting or advancing the project target dates. In order to 
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reach this goal, a time-cost trade-off model is developed, formulated and solved using an 

appropriate optimization technique.  

1.1 Problem Statement 

Timely achievement of schedule goals is a key performance indicator for project 

success. Meeting or advancing a planned schedule date is important, as it ensures that 

commitments to customers are met and business planning is effective. The benefits 

associated with early completion for clients include an earlier production start and the 

commercial opportunity either to maximize profit or limit loss. In some cases 

compression is used because of an imposed deadline such as the start of an academic 

year, the end of a current lease, the implementation of new legislation, or the need to 

minimize disruption of services (Eastham, 2002). An increase in resource and commodity 

prices is another factor motivating project owners to accelerate their projects for earlier 

completion (Figure  1-1)—it is worth remembering that since 2000, resources appear to 

have entered an era of higher prices and volatility (McKinsey & Company, 2011). 

 



3 

 

 

Figure  1-1: Commodity Prices Sharp Increase Since 2000 (McKinsey & Company, 
2011) 

Schedule compression is a technique by which project duration is shortened 

without changing the project scope. For contractors, the benefits of compression include 

reducing indirect costs, meeting clients' expectations, gaining from incentives, increasing 

reputational capital, the early release of resources for other projects, and reducing the 

opportunity cost. Compression is an important step in the schedule development process, 

because it is likely that in the normal duration and sequence of activities, project 

managers will not be able to finish the project on time as requested by project clients. 

Therefore, in order to meet the project time constraints, planners frequently are required 

to shorten the duration of certain activities (accelerating) or change the logical sequence 

between some activities to be performed in parallel (overlapping); sometimes both. 

However, since schedule compression imposes extra costs upon the project, project 

managers should perform a cost-benefit analysis to compare the costs and benefits of 

each degree of compression.  
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To date there is not any known systematic approach for proper schedule 

compression using both accelerating and overlapping. Improper schedule compression 

and lack of adequate cost-benefit analysis may actually result in the costs of compression 

outweighing the expected benefits of early completion. For this reason, a reliable 

decision-support system is required to assist project managers in their decisions about the 

most efficient technique for each activity. This research is conducted to solve the problem 

of determining the optimum application of compression techniques to support decision-

makers. The study results are able to answer the following research questions: 

• What activities should be accelerated, and to what extent, to compress the schedule 

with minimum cost? 

• What activities should be overlapped, and to what extent, to reduce the project 

duration with minimum risk? 

• What activities should be both accelerated and overlapped and to what extent, to 

minimize cost and risk, and maximize the project benefit? 

1.2 Problem Significance 

A study in performance of capital projects conducted by Independent Project 

Analysis (IPA, 2009) on a total of 4,532 projects in U.S., Canada, Europe, and Australia 

shows that one-third of projects in North America and Europe, and almost half of projects 

in Australia, suffer from schedule slip, and their schedule effectiveness indices are below 

industry average as shown in Table  1-1. 
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Table  1-1: Schedule Effectiveness in North America/Europe and Australian Projects 
(IPA, 2009) 

 
As this study demonstrates, over the last five years schedule overruns (slip) have 

increased dramatically. By looking at schedule effectiveness, it is observed that North 

American and European projects are delivered 8% longer than the industry standard and 

Australian projects deliver schedules that are 17% longer than the industry standard. One 

of the main reasons for such inefficiencies in meeting schedule expectations is inaccurate 

and insufficient schedule development during the project planning stage. This is 

supported by another study (IPA, 2009) on the level of schedule development and its 

correlation with cost-effectiveness. This study shows that as schedules become well-

developed, the cost-effectiveness of the projects will also improve (Figure  1-2). 

 

 North America and 
Europe 

Australia 

Schedule Effectiveness 
Index 

1.08 1.17 

Schedule Slip 33% 48% 
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Figure  1-2: Well-Developed Schedule Drives Best Performance (IPA, 2009) 

According to McKinsey & Company (2012), oil and gas sector projects are also 

experiencing challenges in completing projects on-time and on-budget. The announced 

timeframes are often exceeded, and the budget ends up being higher than projected 

several times over (Figure  1-3), which drastically reduces return on investment. 

According to companies from all over the world, the key root causes of such projects 

being ineffective include: insufficient analysis of alternative options at the early design 

stages, excessive focus of management on technical objectives and insufficient attention 

to optimizing the broader economic aspect of projects, underestimation of risks, and weak 

interaction with contractors at the implementation stage (McKinsey & Company, 2012). 
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Figure  1-3: Implementation of Large-Scale Projects in the Oil Sector (McKinsey & 
Company, 2012) 

Current and future Alberta oilsands development projects also range between 

eight and fourteen billion dollars in capital investment. These projects employ thousands 

of workers, engineers, suppliers, contractors, and support staff. However, there are many 

challenges to these projects' execution, including environmental concerns, water supply, 

labour availability and productivity, energy requirements, infrastructure constraints, and 

market conditions. It is not uncommon for these projects to experience cost overruns of 

up to 100% of the original cost estimates and limited schedule overruns (Jergeas, 2008). 

Developing an unrealistic or overly optimistic original schedule is seen as a factor 

causing cost and schedule overruns in these projects (Jergeas and Ruwanpura, 2010). 
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1.3 Research objectives 

The main objective of this research is to determine the optimum combination of 

accelerating and overlapping techniques in project schedule compression, as a 

mechanism for maximizing project benefit and early delivery of projects. To achieve this 

objective, the following sub-objectives are defined: 

1. identifying the parameters which influence decisions on selection of activities to be 

accelerated or overlapped, 

2. formulating the accelerating/overlapping time-cost trade-off problem, 

3. improving existing heuristic time-cost trade-off algorithms to function in an 

accelerating/overlapping environment, 

4. developing an optimization algorithm by which the time-cost trade-off problem can 

be solved in complex schedules using accelerating and overlapping, 

5. designing and developing a decision support tool for implementation of the 

optimization algorithm developed above. 

The tool mentioned in the final sub-objective will be developed for automation of the 

model and validation on a real life project. The algorithm and developed tool will 

determine which activities should be accelerated and/or overlapped and to what degree all 

research questions may be answered. 

1.4 Literature Review 

A preliminary literature review revealed a gap in the literature about accelerating 

and overlapping. A more detailed literature review was aimed at exploring the 

characteristics and mechanisms of joint accelerating and overlapping in design activities. 

The review of the current studies in the literature has been completed in three parts:  



9 

 

1. a review of the literature on accelerating content, 

2. a review of the literature on overlapping content, 

3. a review of the literature for studies which addressed the combination of both 

accelerating and overlapping. 

The main sources in this literature review were journal papers, books, published 

standards by professional associations, and conference proceedings. Generally, priority 

was given to the newer and more-cited publications during the review, rather than older 

references; the exception was when there was no further study on the original research. 

For this purpose a citation map has been used to determine where the state-of-the-art 

stands, as shown in Figure  1-4. A chronologically ordered literature review and analysis 

of the gap are presented in Chapter Two. 

 

 

Figure  1-4: Sample Citation Map 



10 

 

1.5 Scope of Research 

Generally, the scope of this research is to provide a framework for finding the 

optimum combination of accelerating and overlapping through performing a trade-off 

between cost and time as an attempt to compress the project schedule. In order to clarify 

the boundaries of this research, the following scope inclusion and exclusion items are 

defined: 

1.5.1 Scope Inclusions 

• The focus of this research and its validation is on the design stage of oil and gas 

projects. The mechanisms of accelerating and overlapping in procurement and 

construction are very much different from design. In construction, other factors will 

come into play. These will include availability of the resources, availability of 

materials, congestion and safety issues, and so forth, as well as a more complex 

calculation of the rework costs (such as demolition, idle time for resources, or moving 

the resources back to the area). This makes the model very complex and less likely to 

be completed during the course of this PhD research. Therefore, as a first attempt it 

has been decided to focus upon the design phase of projects in this research. 

However, this does not mean that the overall schedule has not been analyzed: the 

critical path will still be the project's critical path, including procurement and 

construction activities; accelerating and overlapping opportunities are only looked at 

in the design phase to see the impacts upon other phases and the overall project. 

• Analysis of the cost and benefit of each time unit of accelerating and overlapping in 

the project, and the combination of both techniques in finding the most suitable 

strategy for schedule compression, is included in the scope. 
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• Designing the process and developing an algorithm for performing the optimization is 

included in the scope. The designed algorithm will be capable of determining the 

maximum benefit meeting a given project completion date, as well as determining the 

earliest possible completion time that obtains a given benefit. 

• Developing a decision support system to propose the best combination of accelerating 

and overlapping strategies in project is included in the scope of this study. 

1.5.2 Exclusions to Scope 

• Addressing quality and safety concerns due to accelerating and overlapping is not 

directly included in this scope. However, inputs to the algorithm will be limited to the 

extent which does not jeopardize minimum safety or quality requirements. Since the 

algorithm inputs support the requirements of safety and quality, it is expected that the 

algorithm outputs will also meet the necessary safety and quality expectations.  

• Identification of risk and uncertainties which may cause a delay in projects is not 

included in the scope of this project. Only risks due to overlapping or accelerating are 

included in this research. If further analysis is required for investigation of further 

risks, it may be completed subsequent to this analysis. 

1.6 Research Deliverables 

Deliverables of this research activity include: 

• a schedule compression heuristic algorithm which can be used on simple projects, 

• a schedule compression optimization algorithm which can be used for 

development of add-on features to commonly used scheduling software such as 

Microsoft Project or Primavera Project Management (P6), 



12 

 

• a computerized decision support tool for selecting the best schedule compression 

strategy in sample schedule networks. 

1.7 Research Assumptions 

There are a number of assumptions made in conducting this study: 

• Complete information is available for duration, cost, rework, productivity and 

resource requirement of activity accelerating and overlapping. 

• The critical path method (CPM) is used for the scheduling of the project. 

• At least one activity can be accelerated or one pair of activities can be overlapped 

to some degree. 

• There is a motive for the project managers to compress the schedule; for example, 

saving indirect cost or the existence of an incentive article in the contract for early 

completion. There are many other factors contributing to determining the daily 

benefit of schedule compression which must be defined by the management of the 

performing organization. 

• When the proposed optimization method is implemented in practice, it will be 

updated regularly from the project inception to the completion. 

• Resources are available to compress the schedule as required. 

• The extent of activity accelerating and overlapping are independent and can be 

combined to obtain the total compression of an activity. 

1.8 Research Methodology 

This research is performed by a combination of methodologies in a qualitative 

research environment. Certain parts of the research required some modeling for 
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development of the optimization algorithm, the computer tool and validation of the 

results. The main techniques used on this study are as follows: 

• Literature Review: Studies conducted by other researchers are reviewed to 

understand the state of the art and performing the gap analysis. 

• Observation: The researcher has twelve years of experience in planning and 

scheduling of energy projects. Therefore, some of the findings are through 

personal observation in real industrial projects, which were intended to be 

validated in this research. 

• Interviews and Focus groups: These sessions were arranged as a part of a 

phenomenological study in qualitative research. A phenomenological study 

attempts to document perceptions, perspectives, and understandings of a 

particular situation. Interviews have been arranged with several industry experts 

to discuss schedule compression techniques, and the benefits and detriments of 

each compression method. Focus groups also assisted in developing interaction 

and collaboration with other researchers. In addition, focus groups helped in 

presenting research results to the experts, to examine the extent the method was 

proven practical and the proximity of the results to reality. 

• Simulation: Process simulation is used to test the findings of this research. 

Simulation is the designing of a mathematical-logical model of a real system, and 

experimentation with the model on a computer. Computer-based simulation can 

be used to imitate the behaviour of the system, and facilitates valid conclusions 

being drawn about the real system by decision-makers.  
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• Validation: A total of three validation experiments have been completed to 

validate the findings. A real industrial project was also selected to be used as a 

case study to validate the findings, and test the developed algorithm and tool in 

this research.  

The details of the research methodology will be explained in Chapter 3. 

1.9 Research Contribution 

Since there is not any known reliable and scientific methodology for optimizing 

schedule compression in projects, the contributions of this research are expected to be in 

the following categories: 

1.9.1 Contributions to Theory 

• bridging the gap between the two important elements of schedule compression in 

the literature; that is, accelerating and overlapping, 

• providing scientifically-based algorithms in selecting the best method of schedule 

compression for each activity. 

1.9.2 Contributions to Practice 

• analyzing current practices and their existing challenges that can facilitate 

improving the effectiveness of conventional methods of schedule development, 

• developing an algorithm that can be used by professionals and practitioners for 

systematic schedule compression in projects. 

1.10 Thesis Structure 

This thesis consists of seven chapters: 

1. Introduction: This is a high-level overview of the thesis contents and the 

methodologies used for conducting each part of this research study. 
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2. Literature Review: This chapter provides a detailed review and analysis of research 

activities conducted by other researchers on this topic, and a gap analysis to present 

areas where the literature requires more attention. 

3. Research Methodology: This chapter describes the methodologies which have been 

used to conduct this research in order to fulfill the goals and objectives. 

4. Analyzing and Discussing Literature Review, Interviews, and Focus Group 

Results to Generate A Schedule Compression Model: This chapter analyzes the 

findings of the literature review and outcomes of interviews and focus groups. These 

findings lead to development of the schedule compression model. A new heuristic 

schedule compression algorithm is introduced in this chapter as tested on a 

hypothetical sample project. 

5. Accelerating-Overlapping Optimization Algorithm and Computer 

Implementation: This chapter discusses applicable evolutionary optimization 

techniques in the literature, and a computer implementation of the selected 

optimization technique. 

6. Research Validation: This chapter discusses validation of the developed algorithm 

and tool in three different parts: 

a. validation of the effectiveness of the combined accelerating and overlapping 

algorithm, as compared to sole accelerating and sole overlapping, 

b. validation of the efficiency and effectiveness of the developed optimization 

tool in finding the global solution in the search space, 
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c. validation of the developed algorithm and tool on a real project schedule. 

7. Conclusions: This chapter provides a summary of the findings in this study, 

contributions to the literature and industry, and recommendations for further research 

studies. 
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Chapter Two: Literature Review 

Several studies in the literature discuss heuristic and mathematical algorithms for 

time-cost trade-offs in projects using accelerating or overlapping. Mathematical methods 

need rigorous formulations for proper modeling of constraints and objective functions, 

since inaccurate formulation causes wrong results. In addition, mathematical models are 

likely to fall into the local optimum (Zheng et al., 2004). However, regardless of the type 

of algorithm used, this researcher performed a detailed literature review of all studies 

conducted on this topic. The following is a summary of the studies conducted on the topic 

of accelerating, overlapping or a combination of both: 

2.1 Accelerating Literature 

This section reviews the studies in literature discussing the time-cost trade-offs solely 

looking at accelerating opportunities. 

2.1.1 Siemens  

Siemens (1971) presents the Siemens Approximation Method (SAM) for 

shortening the duration of a project when the expected project duration exceeds a 

predetermined limit. The problem consists of determining which activities to shorten and 

by what amount to minimize the cost of the project (Figure  2-1). The suggested algorithm 

is less complex than the analytical methods available at that time and because of its 

simplicity, the algorithm is suited for hand computation. Solutions resulting from the 

algorithm are compared with linear programming results and defined as being equally 

good. The algorithm also offers solutions as good as the ones obtained by more complex 

analytical methods using a computer. The advantage of Siemens (1971) method is that 
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time-cost trade-off problems can be solved without access to a computer, thereby making 

the analysis easier to implement by project managers and planners. 

 

Figure  2-1: Siemens Approximation Method Algorithm (adapted from Siemens and 
Gooding, 1975) 
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The SAM algorithm offers a systematic process for time-cost trade-off in an 

efficient manner. It enables the network analyst to achieve an optimal or close to optimal 

solution. The advantages of this algorithm include:  

• considerably less complexity than the alternative analytic methods available, 

• feasibility of hand computation, 

• compact way of summarizing project data, 

• ability to solve problems where the activities have nonlinear cost slopes. 

The process can be carried out by approximating the curvilinear cost slopes with 

as many straight-line segments as needed depending on the desired accuracy. Instead of 

just one cost slope and one supply (the time available for shortening) for each activity, 

there would thus be multiple cost slopes and multiple supply quantities for each activity.  

2.1.2 Moselhi  

Moselhi (1993) presents a method for CPM scheduling that optimizes project 

duration in order to minimize the project total cost (Figure  2-2). The proposed method is 

based on the "direct stiffness method" for structural analysis. He establishes an analogy 

between the structural analysis problem (with imposed support settlement) and project 

scheduling problem (with imposed target completion date). The project schedule network 

is replaced by an equivalent structure having a geometry identical to that of the network, 

and member properties calculated using activity cost slopes. The same conditions are 

established such that when the equivalent structure is compressed by an imposed 

displacement equal to the schedule compression, the sum of all member forces represents 

the additional cost required to achieve such compression. Based on the established 
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analogy, the sum of all member forces represents the added cost required to reduce the 

project duration by an amount equal to the imposed displacement at its end event.  

 

Figure  2-2: Direct Stiffness Method Algorithm (Moselhi, 1993) 

This model has been tested on an example from the literature and the results are 

close to the solutions obtained using other heuristic algorithms. Moselhi (1993) also 

defines other features of this method: 

• flexibility to provide a trade-off between required accuracy and computational effort, 

• capability to provide solutions for CPM networks where dynamic programming may 

not be directly applicable, 
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• extendibility to solve other problems, including the impact of delays and disruptions 

on the schedule, and estimate the direct cost of imposed acceleration at any stage of 

the project progress, 

• capability of generating optimum solutions (unlike heuristic algorithms) for certain 

types of project networks and, with additional computations, for all types of 

networks.  

2.1.3 Burns, Feng and Liu  

Burns et al. (1996) analyze the decisions made in selecting resources such as crew 

sizes, equipment, methods and technologies for performing tasks in construction projects. 

They realize that there is a trade-off between time and cost to complete a task: the less 

expensive the resources, the longer it takes. Burns et al. (1996) note that overall project 

cost can be reduced by using less-expensive resources for non-critical activities without 

any impact on the duration. They also believe that planners need to modify resource 

selections to shorten or lengthen the project duration, but finding the optimal decisions is 

difficult and time-consuming, because of the number of possible combinations. They 

classify existing solutions into two categories: heuristic and mathematical approaches. 

Heuristic approaches provide good solutions, but do not guarantee optimal solutions. 

Mathematical approaches provide better solutions; however, the process of formulating 

the objective function and constraints is complex, and prone to errors. Their presented 

algorithm uses linear programming (LP), the convex hull method and integer 

programming (IP) to find exact solutions and obtain optimal resource selections for 

optimizing time and cost of the project. They have also developed a tool to solve time-
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cost trade-off problems, using mathematical models to provide the construction planners 

with a means of analyzing these trade-off decisions. 

In the LP model, the time-cost curve of each activity is identified as a curve 

connecting various options to complete the activity. These options could be either 

discrete or continuous, depending upon the available resources and methods. It is also 

possible that the activity could have both types of relationships. Figure  2-3A shows a 

sample activity whose options have both discrete and continuous time-cost relationships. 

It shows that the contractor can choose one option along segment A-B or option C to 

complete the activity. Each option has its associated time and cost. Figure  2-3B shows an 

example of a continuous time-cost relationship. It represents an activity that can be 

completed at any combination of time and cost for the points on the curve. However, a 

piecewise linear approximation is generally used to simplify calculations, so the time-cost 

relationship in Figure  2-3B can be considered as the linear segments consisting of A-B, 

B-C, C-D and D-E. 

  

Figure  2-3: An Activity with both Discrete and Continuous Time-Cost Relationships 
compared to a Piecewise Linear Approximation of Construction Time-Cost 

Relationship (Liu et al., 1995) 

A B 
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Obtaining a good and nearly optimal solution with a reasonable amount of 

computational effort is claimed to be the major advantage of this method. IP can find the 

exact optimal solution, but it is computationally intensive. The LP/IP hybrid method is an 

approach using LP to generate a lower bound of the minimum direct cost curve 

efficiently, and using IP to find the exact solution for a single specified duration. The 

convex-hull algorithm in this method generates the convex hull created by the various 

options for each activity, as shown in Figure  2-4. 

 

Figure  2-4: An Example of Convex Hull (Liu et al., 1995) 

Comparing the solutions obtained by a convex hull algorithm against the exact 

solutions in their study, the convex hull solutions bound the exact solution from below 

(Figure  2-5). 
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Figure  2-5: The Comparison of a Convex Hull Algorithm and an Exact Solution 
(Liu et al., 1995) 

Feng et al. (1997) later continue the study and realize that existing methods for 

time-cost trade-off analysis, whether using heuristics or mathematical programming, are 

not efficient enough to solve large-scale CPM networks. For this reason they use an 

algorithm similar to natural selection and genetics, in emulation of chromosomes using 

the techniques of Cross-over and Mutation (Figure  2-6). Genetic algorithms (GAs) have 

been successfully adopted to solve many science and engineering problems and have 

proven to be an efficient means for finding optimal solutions in a large problem domain 

(Feng et al., 1997). The authors develop a new algorithm using GA and a Pareto front 

approach for optimizing construction time-cost decisions.  
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Figure  2-6: Example of Cross-over and Mutation (Feng et al., 1997) 

Their new algorithm shows its efficiency by searching only a small fraction of the 

total search space, and its accuracy is verified by several test cases (Figure  2-7). The 

development of this algorithm provides an alternative to solving construction time-cost 

optimization.  

The computer program which automates the execution of the algorithm provides a 

practical tool for experts to apply the algorithm. In the face of a growing trend of research 

and practice segregation, researchers bear the undeniable responsibility of providing 

opportunities for practitioners (Feng et al., 1997). Feng et al. believe that even a good 

algorithm, if it is too difficult or abstract to use, is of little use to practitioners, and good 

tools based on solid algorithms might be one of the keys to narrow the gap between 

researchers and practitioners. 
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Figure  2-7: Comparison of the Initial and Final Generations in Genetic Algorithms 
(Feng et al., 1997) 

Later, in 2000, Feng et al. (2000) explain that one limitation of traditional time-

cost trade-off analysis lies in the assumption that the time and cost of an option within an 

activity are deterministic. However, the time and cost are really uncertain and stochastic 

in nature. In the traditional deterministic time-cost trade-off problem, only certain values 

of the duration and cost of the options within an activity, usually the mean values, are 

used to evaluate the options (Figure  2-8). 

 

Figure  2-8: Typical Discrete Relationship between Time and Cost of Activity (Feng 
et al., 2000) 

This approach may be correct for the stochastic time-cost trade-off problem only 

if there are no significant overlaps between the distributions of both duration and cost of 
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the options. For example, in Figure  2-9 both the duration and cost of the options are 

distributed within their specific regions without significant overlap. It may be sufficient 

in such a situation to use only the mean values of the duration and cost of these options to 

find the optimal choice for each activity.  

 

Figure  2-9: Options without Significant Overlap (Feng et al., 2000) 

On the other hand, if there are significant overlaps between the distributions, 

using only the mean values is no longer sufficient. For example, in Figure  2-10 it is not 

possible to say the duration of Option 1 is definitely shorter than the duration of Option 2, 

even though this is true of the mean values. Therefore, a comparison scheme that 

considers the whole distribution is needed in order to evaluate the duration and cost of an 

option. 

 

Figure  2-10: Options with Significant Overlap (Feng et al., 2000) 
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For this reason, in analyzing time-cost trade-offs, they try to consider 

uncertainties when minimizing project duration or cost. Simulation techniques are useful 

for analyzing stochastic effects, but a general strategy or algorithm is needed to guide the 

analysis in order to obtain optimal solutions (Feng et al., 2000). They present a hybrid 

approach that combines simulation techniques and genetic algorithms to solve the time-

cost trade-off problem under uncertainty. The results show that genetic algorithms can be 

integrated with simulation techniques to provide an efficient and practical means of 

obtaining optimal project schedules while assessing the associated risks in terms of time 

and cost of a construction project.  

The result of simulation is represented in a form of convex hull that is defined by 

the mean values of the project durations and costs of the solutions in the population, as 

shown in Figure  2-11. The fitness value of an individual solution is defined as the 

solution’s average minimal distance to the convex hull. For this, all of the simulation 

results are used to evaluate the distance to the convex hull. The goal of this approach is to 

determine which solutions are closer to the convex hull that determines which ones are 

better, in a probabilistic environment. The ellipses in Figure  2-11 represent the simulation 

results corresponding to a solution. Feng et al. (2000) believe that having knowledge of 

these complete distributions presents the project planners and construction engineers with 

a method of analyzing construction time-cost decisions in a more realistic manner. 

Historical time and cost data, and available options to complete a project, can be modeled 

so that the best strategies to complete the project at minimum time and cost can be 

identified.  
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Figure  2-11: Convex Hull Formed by Mean Values of Solutions (Feng et al., 2000) 

2.1.4 Demeulemeester, Vanhoucke, Herroelen and Elmaghraby  

Demeulemeester et al. (1996) attempt to solve the discrete time-cost trade-off 

problem (DTCTP) in deterministic activity-on-arrow (AOA) networks of the CPM type, 

where the duration of each activity is a discrete, non-increasing function of the amount of 

a single non-renewable resource assigned to it. They describe two algorithms: the first 

algorithm is based on a procedure for finding the minimum number of reductions 

necessary to transform a general network to a series-parallel network. The second 

algorithm minimizes the estimated number of possibilities that need to be considered 

during the solution procedure. This algorithm minimizes the computational effort in 

including alternative modes through a branch-and-bound (BaB) search tree (Figure  2-12). 

Both procedures have been programmed using C language and tested on a large set of 

schedule networks to give a good indication of their performance, and to indicate the 

circumstances in which either algorithm performs best. 
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Demeulemeester et al. (1996) states while the DTCTP can be solved rather 

effectively for series-parallel reducible networks, it is in general NP-hard 

(nondeterministic polynomial time). Their suggested procedures are programmed for a 

personal computer and tested through Monte Carlo experimentation on a variety of 

networks drawn from the literature or generated specifically for their study. For projects 

up to 20 nodes and 45 activities, with the complexity index of individual networks 

varying between 2 and 12, the time required was less than 7 minutes.  

The authors recommend the use of the second algorithm for projects with a large 

number of activities and high Complexity Index (CI). It outperforms the first algorithm 

both in terms of CPU time required and number of leaves visited. The results of their 

experiments confirm the dominant role played by the number of execution modes and the 

CI in determining the computational effort to resolve the problem. 

 
Figure  2-12: Example Network and its Search Tree (Demeulemeester et al., 1996) 
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As indicated by the results of these experiments, increasing the number of modes 

per activity complicates the problem considerably. As the CI increases, the average time 

to solve the network increases. The authors are confident that the notion of complexity 

expressed by the CI lies at the very heart of the DTCTP itself. The higher the value of the 

CI and the higher the number of modes per activity, the harder the corresponding 

DTCTP. Demeulemeester et al. (1996) recommend further research in several areas: first 

to consider more than one resource; second to consider renewable resources and a 

mixture of non-renewable and renewable resources; and third to consider alternative 

objective functions, such as the optimization of a value function that depends on the dates 

of certain milestone events in the project. In their opinion, although their experiments 

give sufficient grounds to believe that it is not the number of activities but rather the 

number of execution modes and the complexity index that complicate matters, they are 

still far away from solving real-life projects in an optimal way. Demeulemeester et al. 

(1996) particularly consider the development of reliable heuristics and approximation 

procedures a viable area for future research. 

Vanhoucke et al. (2002) later note that the durations of project activities in time-

cost trade-off problems are discrete, non-increasing functions of the amount of a single 

non-renewable resource. They study these problems under three possible objectives to 

meet the shortcomings of the classical discrete time-cost trade-off problem for use in 

real-life environments. First objective is called "deadline problem" that involves the 

scheduling of project activities in order to minimize the total cost of the project while 

meeting a given deadline. Second objective is "budget problem" that aims at minimizing 

the project duration without exceeding a given budget. The third objective involves the 
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generation of a complete efficient time-cost profile over the set of feasible project 

durations. Vanhoucke et al. (2002) present a procedure for the deadline problem in which 

three special cases of time-switch constraints are involved. The time-switch constraints 

impose a specified starting time on the project activities and force them to be inactive 

during specified time periods. They propose a branch-and-bound algorithm and a 

heuristic procedure which both use a lower bound calculation for the discrete time-cost 

trade-off problems. Although the branch-and-bound procedure is able to optimally solve 

small-sized instances, they had to rely on heuristic procedures for solving larger and more 

complex problems. Their algorithm is coded in Visual C++ version 6.0 under Windows 

2000 and is validated on randomly-generated problems and a real-life example. 

Vanhoucke et al. (2002) mention that a heuristic procedure will be needed to handle 

large-scale real-life problems and introduce that as the subject of future research. 

Later, in 2005, Vanhoucke introduces a new branch-and-bound algorithm which 

he claims outperforms the previous one by Vanhoucke et al. (2002). The procedure 

makes use of a lower bound calculation for the discrete time-cost trade-off problem 

without time-switch constraints (Vanhoucke, 2005). The problem type is based on a real-

life project: the same as had been presented by Vanhoucke et al. (2002). The new branch-

and-bound procedure makes use of a completely new branching strategy and outperforms 

the previous algorithm. In doing so, Vanhoucke (2005) is able to optimally solve larger, 

real-life project problems. As future research, he intends to search for real-life projects in 

which time/switch constraints are inevitable and extend this problem type with additional 

features.  
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2.1.5 Li and Love  

Li and Love (1997) apply a genetic algorithm to time-cost trade-off problems 

because of the suitability of such to combinatorial optimization problems. However, they 

realize that basic GAs may involve very large computational costs. Their research 

therefore presents several improvements to basic GAs and demonstrates how these 

improved GAs reduce computational costs and significantly increase efficiency in 

searching for optimal solutions.  

To improve the efficiency of the basic GA system, the authors introduce a number 

of modifications, including improvements on basic cross-over and mutation in genetic 

algorithms. After the basic cross-over, they note that offspring may become infeasible as 

solutions, violating the constraint of total crashing time. To adjust the total crashing time, 

they improve cross-over operation to calculate the differences between the expected total 

crashing time and total crashing time in offspring and any differences are then distributed 

to the nonzero activities in the corresponding offspring, which results in a pair of new 

offspring. New offspring become feasible solutions as their total crashing times meet the 

criteria. In addition, the improved cross-over operator does not allow two identical strings 

to exchange information, eliminating the unnecessary computations inherent in the basic 

GA system. 

Mutation introduces random changes in offspring produced by cross-over, 

according to a predetermined probability. It prevents the extinction of good genetic 

information from the population. However, similar to cross-over, the random changes 

introduced by the basic mutation operation may invalidate the total crash time constraint, 

thus presenting an infeasible solution. To maintain this constraint, Li and Love (1997) 
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introduce an additional operation to adjust the crashing time while still keeping the 

solutions feasible. 

The improved GA system is tested against the basic GA system, and results 

indicate that the improved GA outperforms the basic GA in solving time-cost 

optimization problems, and the improved GA generates a whole class of alternative 

solutions close to the optimum (Figure  2-13).  

 
Figure  2-13: Comparison of Performances of Basic and Improved Genetic 

Algorithms (Li and Love, 1997) 

As Li and Love (1997) have pointed out, one drawback of their study is that the 

crash times are considered as continuous variables, which can be unrealistic. In the 

construction industry the minimum time fraction is normally half a day; therefore, 

crashing times should be rounded up to a certain extent. In addition, the improved GA 

system shares a deficiency with the basic GA system i.e. they do not give any indication 

when and if an overall optimal solution is obtained. Therefore, further research is 

recommended to incorporate a convergence measure so that the improved GA system 

will terminate automatically when it obtains the overall optimal solution. 
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Later, Li et al. (1999) find that systems based on genetic algorithms (GA) for 

solving time-cost trade-off problems suffer from two limitations. First, these systems 

require the user to manually create the time-cost curves for formulating the objective 

functions. Second, these systems only deal with linear time-cost relationships. To 

overcome these two limitations, they introduce a computer system called MLGAS 

(Machine Learning and Genetic Algorithms based System), which integrates a machine 

learning method with GA (Figure  2-14).  

 

Figure  2-14: Overview of MLGAS (Li et al., 1999) 

The authors introduce a quadratic template to capture the nonlinearity of time-cost 

relationships. The machine learning method automatically generates the quadratic time-

cost curves from historical data and also measures the reliability of each generated curve. 

The quadratic curves are then used to formulate the objective function to be solved by the 

GA. Several improvements, including multiple point cross-over and variable mutation 

probability, are made to enhance the capacity of GA to prevent premature convergence. 
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These improvements are preventing the GA operations from being trapped into local 

optimum. Li et al. (1999) compare results of MLGAS with an experienced project 

manager and indicate that MLGAS generates better solutions to nonlinear time-cost 

trade-off problems. The experimental results show that MLGAS is efficient in solving 

time-cost trade-off problems, and it appears to be acceptable to construction 

professionals, as shown in Figure  2-15.  

 

Figure  2-15: Comparison of Results from MLGAS and a Human Expert (Li et al., 
1999) 

However, the MLGAS is intended to be particularly useful for construction 

organizations where a bank of historical time-cost data is available. When new time-cost 

data are introduced to the system, MLGAS gradually updates the time-cost curves. As a 

task for future research, Li et al. (1999) suggest incorporating other nonlinear templates 

such as logarithmic, exponential and cubic into MLGAS to further enhance its capacity in 

representing nonlinear time-cost relationships. 

2.1.6 Hegazy 

Hegazy (1999) states that time-cost trade-off decisions require planners to select 

appropriate resources for each project task, including crew size, equipment, methods and 
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technology. As these are complex optimization problems, finding optimal decisions is 

difficult and time-consuming, considering the number of possible combinations involved. 

In general, Hegazy (1999) classifies techniques for time-cost trade-off into three: 

heuristic, mathematical programming, and genetic algorithms with their pros and cons as 

shown in Figure  2-16. 

 

Figure  2-16: Existing Techniques for Time-Cost Trade-Off Analysis (Hegazy, 1999) 

In this research, a practical model for time-cost trade-off optimization is 

developed using the principle of genetic algorithms (GAs). The GA model minimizes the 

total project cost as an objective function and accounts for project-specific constraints on 

time and cost. The model has been implemented as a VBA macro program to automate 
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the analysis and combine with standard resource-management procedures. Hegazy (1999) 

conducts several experiments to demonstrate the benefits of his model. 

The procedure (Figure  2-17) searches for the least-cost combination of 

construction methods for the various tasks. It also considers deadline duration, late-

completion liquidated damages, early-completion incentive, and daily indirect cost. To 

integrate the proposed procedure with other resource management and control features, 

his procedure is implemented within Microsoft Project software to use its macro 

programming language.  
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Figure  2-17: Genetic Algorithm Procedure (Hegazy, 1999) 

The program’s efficiency is demonstrated by a case study. Hegazy claims that the 

developed program provides a practical tool which can be used in practice. As 

optimization search mechanisms do not suffer from the limitations of mathematical 
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programming, they hold great potential for use in engineering applications. Model 

development is easier and the search does not violate project constraints (Hegazy, 1999). 

Hegazy also believes the implementation of GA models in integration with existing 

software brings direct benefits to the development process and to users. Large projects 

still need large processing time but improvements in the GA technique and the use of 

currently affordable fast machines make GA implementations practical.  

2.1.7 Zheng, Ng and Kumaraswamy  

Zheng et al. (2004) describe the criticality of trade-off between project time and 

cost in reducing both project cost and time in a competitive environment. This requires 

projects to evaluate various approaches to attain an optimal time-cost balance. Although 

several models are developed for time-cost optimization (TCO), the authors mainly 

concentrate on projects with fixed duration. Therefore, optimization objective is only 

restricted to identifying the minimum total cost. With the increasing popularity of 

alternative project delivery systems, clients and contractors are targeting the increased 

benefits and opportunities of seeking earlier project completion (Zheng et al., 2004). 

They propose a model that integrates the adaptive weights, derived from previous 

generations, and genetic algorithms to induce a search pressure toward an ideal point as 

shown in Figure  2-18. The concept of the GA-based multi-objective TCO model is 

illustrated through a simple manual simulation to arriving at an optimal project duration 

and total cost, concurrently. 
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Figure  2-18: Concept of Adaptive Weight Approach (Zheng et al., 2004) 

Zheng et al. (2004) model (Figure  2-19) introduces a MAWA (modified adaptive 

weight approach) to replace traditional fixed or random weights, and integrates time and 

total cost into a single objective for simulation. This approach gives GA greater freedom 

to search in the multi-objective space that overcomes the drawbacks of single-objective 

TCO, i.e. a local optimum in HCA (hill-climbing algorithms). 
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Figure  2-19: Operation of Genetic Algorithms (Zheng et al., 2004) 

The simple manual simulation based on the application model proposed in their 

study confirms that the GA-based multi-objective TCO incorporating the MAWA could 

assist decision-makers in establishing optimal total time and optimal total cost. MAWA 

can introduce greater searching pressures to resist the inherent convergence power of 

GAs, compared with the previously proposed adaptive weight approaches. Also, the 

adaptive weights have practical meaning in the new approach, representing the relative 

importance of each criterion to the whole project. These weights guide the algorithms to 

search through a wider range against the objectives that have a relatively small 

exploration space in previous generations. In doing so, the approach claims to guarantee 

the diversity of exploration and efficiency of exploitation of historical information.  
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Zheng et al. (2004) explain weaknesses of their model and further enhancements 

required to improve its accuracy. Since the model uses GAs as the search engine, the 

randomness inherent in GAs could affect the reliability of results as well as the fitness of 

the proposed approach for solving the TCO problem. In addition, the proposed model 

requires the decision-makers to determine the final best solution; however, as a single 

decision-maker may not have adequate data for doing so and the relative factors are 

frequently too noisy in real life projects. A decision support system is highly desirable to 

assist decision-makers in choosing the best solution from a long list of non-dominated 

solutions according to particular circumstances. More research and development efforts 

are suggested to ensure a consistent performance when the model is applied to large-scale 

projects. Zheng et al. (2004) intend to develop a computer prototype using the Visual 

Basic application on the Microsoft Project platform for testing with realistic TCO 

problems. 

2.1.8 Xiong and Kuang  

Xiong and Kuang (2008) approach time-cost trade-off as a combinatorial 

optimization problem. They employ an evolutionary algorithm ant colony optimization 

(ACO) algorithm to deal with time-cost trade-off problems. When combined with the 

modified adaptive weight approach, the ACO algorithm can find optimal solutions, and 

define the Pareto front. In comparison with GAs, the efficiency and performance of the 

proposed method are verified by the two test examples. Xiong and Kuang (2008) believe 

development of the ACO-based multi-objective approach provides an alternative to 

solving construction time-cost optimization. 
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2.2 Overlapping Literature 

This section reviews the studies in literature discussing the overlapping of schedule 

activities in projects or manufacturing processes. 

2.2.1 Dillenberger, Escudero, Wollensak and Zhang  

Dillenberger et al. (1994) explain that production resource planning is normally 

based on long-term demand forecasts and part-type mix estimates. However, in the 

execution of such plans, it is recognized that the assumptions previously made are no 

longer valid. This is mainly caused by the change in the part-type mix, the operator or 

machine availability, or the existence of additional resources that may lead to underload 

or overload the resources for periods of time. Dillenberger et al. (1994) present a mixed 

0-1 model and an algorithm to schedule the production quantities in a production line. 

The model incorporates the shop-floor level information, such as machine availability, 

unit processing times for the part-types, major or minor setup times, storable and non-

storable resource availability and consumption, and part-type demand over the planning 

horizon. The model also takes into account constraints on production rate and 

backlogging and costs corresponding to period overlapping setups.  

Dillenberger et al. (1994) propose an approach for resource allocation and single-

level multi-period lot-sizing production planning and scheduling. The main components 

of the model are: part-types (and their families), machine groups, a variety of storable and 

non-storable resources, restrictions on the assignment of machines to part-types and 

periods, restrictions on the assignment of lot-sizes to machines and periods, and different 

types of (period overlapping) setups. Cases with 40 part types, 15 families, 6 periods and 

15 machines result in combinatory problems with thousands of constraints, continuous 
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variables and 0-1 variables. Dillenberger et al. claim that even developed state-of-the-art 

software applications are inefficient in providing an optimal solution to mixed 0-1 models 

due to large problem dimensions. Therefore, they have introduced a Fix-and-Relax 

methodology for obtaining solutions as shown in Figure  2-20. Instead of providing 

optimal solutions, they developed a decomposition methodology that does not consider 

the integrality of all 0-1 variables at once, but successively. Basically, it consists of 

analyzing the characteristics of the instance and considering iteratively the integrality of 

some subset of variables.  

 

 

Figure  2-20: Fix-and-Relax Approach: A Framework for Suboptimal Solutions for 
Multi-Level Integer Models (Dillenberger et al., 1994) 

LP refers to the linear program for the original problem where all integrality 

constraints are relaxed. Stage τ refers to a set of consecutive periods, n(1)τ and n(2)τ give 

the nodes with the best and second best mixed 0-1 solutions. In the first iteration an 
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optimal solution for the original problem is obtained, where the integrality constraints of 

all variables are relaxed, except the 0-1 variables that belong to periods 1 to τ. The 

subproblem associated with iteration τ is the same subproblem associated with iteration τ-

1, but the 0-1 variables related to stage τ-1 are fixed to the optimal values obtained at 

iteration τ-1 and the integrality constraint is forced for the 0-1 variables related to stage τ. 

The optimal solution is then reached for the original problem in the last stage (k).  

For practical purposes, the quality of such solutions is said to be satisfactory. The 

author's approach takes advantage of multi-period nature of the problem, and its 

philosophy of decomposition is similar to the branch-and-bound tree. The algorithm is 

implemented in a system that automatically generates the sub-models transparent to the 

user. The system is called DACAPO (Demand Allocation for Capacity Optimization) and 

is programmed in C language. DACAPO is also implemented within a number of IBM 

manufacturing plants. 

2.2.2 Evbuomwan and Anumba  

Evbuomwan and Anumba (1995) have conducted studies on concurrent design 

and construction. They uncover the general awareness within the construction industry 

that integrating the key participants involved in a project, (i.e. clients, architects, 

structural engineers, quantity surveyors, mechanical and electrical services engineers, 

contractors, and materials suppliers) generally leads to more-successful projects as 

opposed to the traditional fragmented approach as shown in Figure  2-21.  
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Figure  2-21: The Traditional Design and Construction Process - Over the Wall 
Approach (Evbuomwan and Anumba, 1995) 

The focus of the research of Evbuomwan and Anumba (1995) is to address 

fundamental issues involved in the development of a new concurrent engineering model 

for life-cycle design and construction projects. Their research aims at delivering an 

integrated framework which supports the concurrent development of a project and the 

associated construction process. It examines the current status in the construction industry 

and the requirement for improvements. The research lists key requirements for the new 

integrated model and concludes with presenting a concurrent life-cycle design and 

construction framework and model as shown in Figure  2-22.  
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Figure  2-22: The Structure of the Integrated Framework for Concurrent Lifecycle 
Design and Construction (Evbuomwan and Anumba, 1995) 

The authors claim that their model helps to improve the business processes of the 

construction industry as well as providing a basis for the development of a generic 

concurrent engineering model for general design and construction projects. 

2.2.3 Krishnan  

Krishnan (1996) studies concurrent engineering and simultaneous execution of 

coupled product development phases, as well. Simultaneous execution involves 

performing a downstream information-receiving product development phase concurrently 
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with an information-supplying upstream phase. However, he shows that such 

simultaneous execution of coupled phases can lead to extensive drop in performance of 

the product development if not carefully managed. Krishnan (1996) presents the 

managerial implications of a framework to manage the risks involved in the simultaneous 

execution of coupled development phases. He describes how this framework applies to 

automobile industry and discusses the changes in organizational awareness required for 

successful simultaneous product development. The framework is based on the nature of 

the coupling between phases described by the concepts of upstream evolution (Figure 

 2-23) and downstream sensitivity (Figure  2-24), and offers different ways to overlap the 

coupled phases for concurrent development. 

 

Figure  2-23: Upstream Information Evolution at the Fast and Slow Extremes 
(Krishnan, 1996) 
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Figure  2-24: Downstream Sensitivity at the High and Low Extremes (Krishnan, 
1996) 

Krishnan (1996) states that available work on managing concurrent engineering 

has focused on incorporating downstream feedback in the upstream decision-making 

process. However, in order for the downstream phase to provide feedback before an 

upstream decision is made, the phases must exchange and process non-finalized 

information, which involves substantial risks. Besides highlighting the risks involved in 

the concurrent execution of coupled phases, this research offers some guidelines for 

managing this risky process (Figure  2-25).  
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Figure  2-25: The Framework for Concurrent Development (Krishnan, 1996) 

Krishnan (1996) observes that parallel execution is achieved by preliminary 

product information exchange when the downstream phase sensitivity is low, and by 

early finalization of product information when the upstream evolution is fast. Managing 

the interaction between phases for simultaneous execution supports management of 

concurrent execution, but by itself it is not sufficient for successful implementation. In 

Krishnan (1996) view, proper managerial perspective, a supportive organizational 

structure, and satisfactory measurement systems are equally important, if not more. 

Krishnan (1996) also presents a list of required changes in managing the engineering 

process required for making the transition from sequential to concurrent execution. The 

list contains a recommendation to expand the communication among developers to 

include evolution and sensitivity information, apart from frequent exchange of the 

information itself. The work presented in Krishnan (1996) research is focused on 
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modeling the coupling between two product development phases but is recommended for 

expansion to cover the interactions among multiple product development phases. 

Although the framework, based on evolution and sensitivity, does not require detailed 

quantitative data, its applicability is limited when the ability to assess even qualitative 

evolution and sensitivity data is low. The author recommends more extensions, focusing 

on developing coordination mechanisms for such situations, to help address the risk in 

simultaneous product development. Krishnan (1996) refers to Thompson (1967) research 

that classified interdependence among phases into sequential, pooled, and reciprocal 

interdependence. The framework presented in Krishnan (1996) research pertains more to 

the concurrent execution of phases which are sequentially interdependent. When 

considering concurrent execution of tasks within phases, the possibility exists of 

reciprocal interdependence i.e. the tasks may be connected in a cyclic manner. For such 

situations, Krishnan (1996) and Krishnan et al. (1997) recommend the consideration of 

both upstream and downstream evolutions and sensitivities to determine how to overlap 

the phases. 

2.2.4 Chakravarty  

Chakravarty (2001) studies overlapping in design and build cycles in product 

development. He believes there is an inherent risk in overlapping, as a build-assembly 

may not be compatible with a subsequent assembly, requiring reconciliation work on the 

overlapped tasks. Therefore, a trade-off between this risk and the project time saved is 

required to determine benefit in different modes of overlapping. He studies the 

optimization model of the trade-off in general, and analyzes some special cases to 

establish insights on overlapping. These include: the advantage of overlapping in 
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different scenarios, the special properties of optimal overlap, and the impact of parameter 

values on overlapping decisions. He demonstrates that several properties of a single 

overlap can be extended to multiple overlaps. The role of administrative cost of 

coordinating overlaps is also included in his model and a limit to overlapping based on 

the administrative cost and the shapes of cost functions is established. Not only has 

Chakravarty (2001) established qualitative relationships pertaining to overlapping, he has 

also shown how specific values of decision variables can be determined.  

Parameter values that determine optimal overlaps such as the time and cost per 

unit of work (of various types), and risk function, are all under the control of the decision 

maker. Chakravarty (2001) describes the requirements to reduce reconciliation time and 

cost (relative to the time and cost of regular work), and to obtain a sharp drop in design 

uncertainty as design progresses. His analysis is done in three different modes of 

overlapping: interrupt build overlapping, continuous build overlapping and pre-empt 

build overlapping. In scenarios where penalty for late market entry is high, his model 

would suggest overlapping, even if design uncertainty does not drop sharply.  

Chakravarty (2001) concluded that viability of overlapping depends on the shape 

of risk and mapping functions; although, he derived some insights even when shape of 

these functions are not clear. He also acknowledges that more studies required to be done 

for generalization of the findings. These include addressing the general case of 

design/build phases consisting of conceptual design, product planning, product/process 

engineering, and pilot production. Recommended studies by Chakravarty (2001) assist in 

answering the remained questions in his study: will two-phase scenario extreme point 

solutions stay valid for more than two phases; will the design segments created in a two-
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phase context continue to be the optimum for a n-phase problem; and will the 

reconciliation work be performed separately for each phase or at the end of the project 

(Chakravarty, 2001).  

2.2.5 Terwiesch, Loch and De Meyer  

Terwiesch et al. (2002) believe that the successful application of concurrent 

engineering requires tight coordination. Tasks often proceed in parallel by relying on 

preliminary information from other tasks to accelerate development and this causes 

substantial rework to the downstream activity. They develop a framework of preliminary 

information through fieldwork in an automotive manufacturer that distinguishes 

information precision and information stability. "Information precision" means the 

accuracy of the information exchanged. "Information stability" refers to the likelihood of 

later changes in a piece of information. This definition of preliminary information helps 

to develop a model for managing interdependent tasks, producing two coordination 

strategies: iterative and set-based. The authors further discuss the elements in choosing 

the appropriate coordination strategy and how they may change over time. Set-based 

coordination requires an absence of ambiguity, and should be emphasized if the cost of 

pursuing multiple design alternatives in parallel is low. Iterative coordination should be 

emphasized if the downstream task faces ambiguity, or if starvation costs are high and 

rework costs are low (Terwiesch et al., 2002). Preliminary information tends to be based 

on a low-to-medium level of upstream knowledge, denoted by lighter shading in Figure 

 2-26. The earlier downstream begins, the higher the risk of future changes. This is 

especially true when the outcome of the upstream activity is hard to predict. In such a 

case, overlapping activities creates a risk of additional engineering effort in the form of 
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rework that can consume up to 50% of the engineering capacity and up to one-third of the 

development budget. 

 

Figure  2-26: Coordinating Parallel Activities Requires the Use of Preliminary 
Information (Terwiesch et al., 2002) 

Terwiesch et al. (2002) develop a dynamic model of coordinating parallel 

development activities. Their objective is to identify variables that represent the 

components of preliminary information exchange in concurrent engineering projects. 

They conduct a detailed qualitative study based on multiple sources of data gathered on-

site and their findings are summarized in Figure  2-27. The left portion illustrates the 

iterative strategy, in which the upstream relies on high-precision preliminary information 

but faces the risk of rework. The middle part illustrates a set-based strategy which 

focuses on stability; insufficient precision can, however, lead to starvation of the 

downstream. The right part summarizes a set-based strategy that uses duplication 

(displayed in the form of downstream working on multiple outcomes in parallel) to avoid 

starvation.  
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Figure  2-27: Three Modes of Coordinating Parallel Activities (Terwiesch et al., 
2002) 

The two coordination strategies are of direct managerial importance, as they shift 

from the traditional question “how much should we communicate” to the question of 

defining a path over time between information stability and information precision. 

Finally, they provide a simple tool to guide concurrent engineering teams in their choice 

between an iterative and a set-based information exchange strategy. They describe the 

various costs of downstream adjustment as well as substitutes for information that 

particularly facilitate the iterative strategy. Their study suggests that, it is necessary to 

look at the information content (not only at the timing and frequency of an exchange), 

including how preliminary information impacts the downstream task and the team’s 

problem-solving.  
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2.2.6 Bogus, Molenaar and Diekmann  

Bogus et al. (2005) have studied concurrent engineering concept in design 

projects to reduce delivery times (Figure  2-28). They believe understanding of evolution 

and sensitivity characteristics of design activities facilitates identification of efficient 

overlapping opportunities. If evolution of information in an activity is fast, there is less 

risk for downstream activity to start before the upstream activity is finished. In addition, 

if sensitivity of downstream activity to changes in upstream information is low, 

overlapping the activities is less risky.  

 

Figure  2-28: Concept of Concurrent Execution of Design Activities (Bogus et al., 
2005) 

The authors have developed a method for determining the evolution and 

sensitivity of design activities. The evolution of an activity can be determined by 

evaluating the levels of design optimization, constraint satisfaction, external information 

exchange, and standardization. The sensitivity of an activity can be determined by 

evaluating activity constraints, input variables, and the level of design integration (Bogus 

et al., 2005). Authors state that the overlapping degree between dependent design 

activities is characterized by the nature of the information exchange between the 

activities. Figure  2-29 illustrates the information exchange between an upstream task and 
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a downstream task in terms of the natural rate of information evolution in upstream task 

and the sensitivity of the downstream task to the change in upstream information. 

 

Figure  2-29: Illustration of Evolution and Sensitivity Definitions (Bogus et al., 2005) 

2.3 Combined Crashing and Overlapping Literature 

This section reviews the studies in literature discussing combined accelerating and 

overlapping techniques in projects or product development processes. 

2.3.1 Roemer, Ahmadi and Wang  

The research of Roemer et al. (2000) is on time-cost trade-offs in product 

development. They believe increasingly shorter product life-cycles make firms to design, 

develop and market more products in less time than ever before. Overlapping of design 

and development stages, in their view, has been commonly regarded as the most 

promising strategy to reduce product development times, as shown in Figure  2-30. 

However, in their opinion, this overlapping typically requires additional resources and 

can be costly. Their research addresses the trade-off between product development time 
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and costs, and introduces an algorithm to determine an appropriate overlapping strategy 

under different scenarios.  

 

Figure  2-30: Sequential vs. Overlapped Design (Roemer et al., 2000) 

Roemer et al. (2000) claim to be the first in the design overlapping literature that 

explicitly discusses the trade-off between product development time reductions and cost 

increases caused by overlapping of product design stages. They have developed an 

algorithm that determines the overlapping strategies mapping maximal product 

development time reductions to given budgets. The algorithm is employed during the 

design of turbo-pumps at Rocketdyne. The model implicitly assumes that the probability 

of rework is dependent only on the overlap between two consecutive design stages, even 

when a design stage overlaps with more than one stage. Often, if individual stages are 

long, then simultaneous overlapping of several design stages is rather unlikely. But even 

if it does occur, the assumption may still be valid, because for any given starting times of 

two consecutive stages, the overlap between them increases with the amount of overlap 
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with the preceding stages. Furthermore, the assumption of their study holds for any 

convex increasing differentiable rework function, and the algorithm is applicable under 

these conditions.  

Figure  2-31 shows four probability functions that reflect different types of 

dependency between two stages. They have referred to the suggestion of Krishnan et al. 

(1997) that dependency between stages is determined by what they called "evolution" and 

"sensitivity". The probability functions suggested here accommodate this notion. A high 

maximum probability of rework as in functions 2 and 3 signals increasing rework 

durations and thus higher sensitivity of the downstream stage. On the other hand, 

probability functions such as 1 and 3, whose steepest slopes are close to or at the origin, 

indicate that reliable information from the upstream stage evolves only slowly. Thus each 

of the four functions in Figure  2-31 represents one extreme sensitivity-evolution 

combination. The experience of Roemer et al. (2000) at Rocketdyne supports the claim in 

Krishnan et al. (1997) that such probability functions can be obtained from product 

development professionals, in particular when existing products are redesigned or 

improved. 
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Figure  2-31: Different Types of Probability Functions (Roemer et al., 2000) 

Another challenging problem to be addressed is the issue of feedback. A 

particularly interesting problem is to identify scenarios under which overlapping may 

possibly lead to a decrease in both product development time and cost: decreases in cost 

may occur because of early warnings from downstream stages about infeasibilities or 

costly designs caused upstream.  

Roemer and Ahmadi (2004), in continuing their research, address two common 

tools for reducing product development lead times: overlapping of development stages 

and crashing of development times. For the first time in the product development 

literature, a formal model addresses both methods and facilitates analysis of the 

interdependencies between overlapping and crashing. The results show the necessity of 

addressing overlapping and crashing at the same time, and exhibit general characteristics 

of optimal overlapping/crashing policies. The impact of different evolution/sensitivity 
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groupings on optimal policies is also investigated, and guidelines for structuring 

development processes are provided.  

For the special case of linear costs, the authors present a procedure that generates 

time-cost trade-off curves and determine the corresponding optimal overlapping/crashing 

policies.  

The authors refer to the functions Pi(t) and qi(t) as the standard probability and 

standard impact function, respectively, indicating that those functions apply to the case of 

standard work intensities. They have also assumed that Pi(t) is non-increasing and qi(t) 

non-decreasing. Note that the total rework hi(yi) under standard work intensities can be 

obtained by integrating the product of impact and rework probability (PI-curve) over the 

entire interval [Si, di-l], that is, over the overlap yi as indicated in Figure  2-32. 

 

Figure  2-32: Probability of Rework, Impact, and PI-Functions (Roemer and 
Ahmadi, 2004) 

Roemer and Ahmadi (2004) have also studied the impacts of crashing on the 

probability of rework. Figure  2-33 demonstrates how the probability function (I) for 

standard work intensities changes with the work intensity of stage i-1. In all five 

scenarios, stage i starts at the same time, but the upstream (stage i-1) work intensities 
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differ after that point. The average work intensities in scenarios II-IV are the same, 

yielding identical upstream termination times. The different shapes are caused solely by 

different timing patterns of work intensities. Scenario II starts out with regular work 

intensity before eventually proceeding to maximum work intensity. Conversely, scenario 

IV begins with maximum work intensity and then returns to regular work intensity. In 

scenario III the work intensity remains constant throughout the stage. Cumulative 

probability (i.e. the area under the curve) becomes smaller, with earlier increase in work 

intensities. When working with maximum work intensity throughout, as in Scenario V, 

the probability curve is pushed towards the origin, further reducing the area under the 

curve. The overall shape remains the same for Scenarios I, III, and IV, where the work 

intensities are constant over the stage, whereas the shapes in Scenarios II and IV are 

different due to the varying work intensities.  

 

Figure  2-33: Impact of Crashing Strategies on Probability of Rework (Roemer and 
Ahmadi, 2004) 

Roemer and Ahmadi (2004) conclude that under a linear cost regime, each stage 

switches the level of work intensity at most twice, from regular intensity at the beginning, 
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to maximum intensity during an intermediate period, back to regular intensity towards the 

end (Figure  2-34). 

 

Figure  2-34: Optimal Crashing Policy for Piecewise Linear Costs (Roemer and 
Ahmadi, 2004) 

2.3.2 Gerk and Qassim  

Gerk and Qassim (2008) present a mixed-integer nonlinear programming model 

for the problem of project acceleration, employing activity crashing, activity overlapping, 

and activity substitution. Their model has been implemented in commercial software 

employing such methods. An optimal solution is obtained precisely and rapidly 

depending on the problem size. For their presented example to illustrate the application of 

the model, computation time was less than five seconds. They exclude rework functions 

in their study and believe the rework fraction factor requires a separate study. To simplify 

the process, they also define the following assumptions in their study: 

1. Complete information is available in the scheduling of project acceleration and the 

problem is formulated and solved in a deterministic environment.  
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2. Activity crashing and overlapping incur both fixed and variable costs; however, 

activity substitution involves fixed costs only. In practice, they describe, the major 

cost of the substitution of an activity, employing an alternative technology for 

example, resides in the acquisition cost. 

3. The variable cost of the crashing of an activity is linear in the extent of crashing.  

4. The variable cost of the overlapping of a pair of activities is linear to the extent of 

overlapping. The functional relation between the overlapping variable cost and 

overlapping time is not as well established as the corresponding variable cost-time 

relation for activity crashing. This is only to be expected in view of the complex 

factors involved in activity overlapping, such as information exchange between the 

pair of activities that are overlapping, and the necessity of rework caused by 

incomplete information provided by the preceding activity to the succeeding activity 

in the case of overlapping, and the influence on activity overlapping costs. In view of 

this, a linear functional relation between the overlapping cost and overlapping extent 

has been assumed.  

5. The extents of activity crashing and activity overlapping are independent, and in this 

way they can be added to obtain the total acceleration of an activity, in case it is not 

substituted.  

6. A time-based network (TBN) framework is employed in model development for the 

following reasons:  

a. In the vast majority of published past research on project acceleration, the 

TBN framework has been employed. 
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b. In the project acceleration model, feedback loops were not explicitly 

represented; consequently, the TBN network claimed to be quite satisfactory 

for the objective of this research.  

2.4 Summary and Gap Analysis 

After performing the detailed literature review, it becomes evident that there are 

only a few research studies conducted in the area of combined crashing, overlapping and 

substitution in schedule compression. The only studies are conducted by Roemer and 

Ahmadi (2004) and Gerk and Qassim (2008), and a gap may yet be noted. The model 

developed by Gerk and Qassim (2008) works with linear variable cost of crashing and 

overlapping and does not address the changes in the critical path resulting from changes 

in the duration of activities and/or their overlapping. Roemer and Ahmadi's model (2004) 

also has the same limitation, as it works generally in a manufacturing environment, where 

one chain of activities is assumed to be always critical. Construction projects have several 

paths, either one or some of the paths are critical, and new critical paths emerge when 

different overlapping strategies are applied. 

In order to cover the existing gap in the schedule compression literature, this 

researcher has decided to select this exciting topic, to cover the following items: 

1. Develop a simple heuristic algorithm to combine accelerating and overlapping 

techniques, which can be applied on simple schedules without the use of a computer. 

2. Develop an advanced algorithm and computerized tool that can solve complex 

schedule network problems with the following capabilities: 

a. can work on schedules with several critical paths 

b. can perform in a multi-predecessor and multi-successor environment 
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c. can analyze any type of activity relationships i.e. FS, FF, SS, SF 

d. can work with linear and non-linear input functions 

e. can work with continuous and discrete values.  
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Chapter Three: Research Methodology 

This chapter describes the methodologies which are determined and used to 

conduct this PhD research in order to fulfill the goals and objectives.  

In general, all research studies fall under either of the two main approaches: 

quantitative or qualitative. There are several factors contributing to the decision to choose 

the best method for each study.  

Quantitative research involves studies that make use of statistical analyses to 

obtain their findings. Key features include formal and systematic measurement and the 

use of statistics. Leedy and Ormrod (2005) explain that quantitative research is used to 

answer questions about relationships among measured variables, with the purpose of 

explaining, predicting, and controlling phenomena.  

By contrast, qualitative research involves studies that do not attempt to quantify 

their results through statistical summary or analysis (Marczyk et al., 2005). It is typically 

used to answer questions about the complex nature of phenomena, often with the purpose 

of describing and understanding the phenomena from the participants’ point of view. 

Leedy and Ormrod have developed a set of questions to assist the decision-

making process in determining the most suitable method for any specific research study. 

This criteria is shown in Table  3-1 and used in this study to decide upon the best method. 
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Table  3-1: Quantitative vs. Qualitative Research Criteria (Leedy and Ormrod, 2005) 

Use This 
Approach If: 

Quantitative Qualitative 

1. You believe 
that: 

There is an objective reality 
that can be measured 

 
There are multiple possible 
realities constructed by 
different individuals 

x 

2. Your audience 
is: 

Familiar with/supportive of 
quantitative studies 

 
Familiar with/supportive of 
qualitative studies 

x 

3. Your research 
question is:  

Confirmatory, predictive  Exploratory, interpretative x 

4. The available 
literature is: 

Relatively large  Limited x 

5. Your research 
focus:  

Covers a lot of breadth  Involves in-depth study x 

6. Your time 
available is: 

Relatively short  Relatively long x 

7. Your 
ability/desire to 
work with people 
is: 

Low to medium  High x 

8. Your desire for 
structure is:  

High x Low  

9. You have skills 
in the areas of: 

Deductive reasoning and 
statistics 

 
Inductive reasoning and 
attention to details 

x 

10. Your writing 
skills are strong in 
the area of: 

Technical, scientific writing 
 

Literary, narrative writing x 

 

More detailed explanation about the answers for each item is as follows: 

1. Although there are a few studies on schedule compression in the existing literature, 

still there is not any objective reality that can be measured to provide the best 

combination of accelerating and overlapping in schedule compression. Different 

researchers and practitioners have expressed their opinions based on findings and 

personal experience, but reaching a systematic approach requires a qualitative study 

to be conducted. 

2. The audiences of this research study are project managers, planners, schedulers and 

other researchers working on schedule compression techniques. Since each project 
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has its own characteristics, the audiences are more interested in an algorithm to guide 

them in performing the best schedule compression strategy in their projects rather 

than statistics. Therefore, a qualitative study would be preferred. 

3. The research question is not confirmatory. Instead, it is more investigative and 

exploratory regarding the best approach to schedule compression.  

4. As discussed in Chapter Two, the available literature in this topic is relatively limited 

and only a few studies have been conducted in this area, by Roemer and Ahmadi 

(2004) and Gerk and Qassim (2008). 

5. This is a focused, in-depth study rather than a wide review.  

6. The available time for this study is a normal PhD duration, which is four years. The 

researcher believes this is an acceptable duration for concluding the scope of this 

research. 

7. The researcher’s desire to work with people is high, because they provide important 

and valuable inputs to this study. 

8. The intention is to have a highly structured analysis in this study.  

9. The researcher’s abilities are more in inductive reasoning with attention to details. 

10. The researcher’s strength is more in literary and narrative writing, in order to be more 

suitable and usable for an audience in industry. 

Based on the above explanations, in 9 out of 10 items (90%) the selected choices 

are in favour of qualitative research rather than quantitative. Therefore, qualitative 

research is used in this study. There are other reasons that support the researcher’s 

decision to select the qualitative method for this specific topic as well. These include 
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developing a new method, the unavailability of data, relying on experts’ opinions, and so 

forth. 

3.1 Qualitative Approach 

Qualitative researchers rarely try to simplify what they observe. Instead, they 

recognize that the issue they are studying has many dimensions and layers, and so they 

try to portray the issue in its multifaceted form (Leedy and Ormrod, 2005). Lauer and 

Asher (1988) believe that all inquiry starts out in a qualitative form. When little 

information exists on a topic, when variables are unknown, when a relevant theory base is 

inadequate or missing, a qualitative study can help define what is important: that is, what 

needs to be studied. 

Peshkin (1993) explains qualitative research studies typically serve one or more 

of the following purposes: 

� Description: They can reveal the nature of certain situations, settings, processes, 

relationships, systems, or people. 

� Interpretation: They enable a researcher to (a) gain new insights about a particular 

phenomenon, (b) develop new concepts or theoretical perspectives about the 

phenomenon, and/or (c) discover the problems that exist within the phenomenon. 

� Verification: They allow a researcher to test the validity of certain assumptions, 

claims, theories, or generalizations within real-world contexts. 

� Evaluation: They provide a means through which a researcher can judge the 

effectiveness of particular policies, practices, or innovations. 

Marczyk et al. (2005) believe that qualitative research studies typically involve 

interviews and observations without formal measurement. Phenomenological study is 
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also widely used in qualitative research studies. Phenomenological study attempts to 

understand people’s perceptions, perspectives, and understandings of a particular 

situation (Leedy and Ormrod, 2005). A case study, which is an in-depth examination of 

one person, is a form of qualitative research as well. Qualitative research is often used as 

a source of hypotheses for later testing in quantitative research (Marczyk et al., 2005). 

3.2 Research Life-Cycle 

Walliman (2011) defines five main elements in a research study: investigation, 

selection, collection, analysis, and application. He summarizes the relationships between 

these five main elements of the research process as shown in Figure  3-1. This compact 

diagram stresses the circularity of the process and the central role of research theory. In 

this process, the research topic is selected and then the proper methodology is used for 

collection of the data. This data is analyzed and conclusions are applied to the situations 

to investigate their validity. This process is mapped in the life-cycle of this research 

study, as well. 

 

Figure  3-1: The Research Process (Walliman, 2011) 
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The research life-cycle of this study is divided into four main stages: Research 

Initiation, Research Definition, Data Collection, and Data Analysis, as outlined in Figure 

 3-2.  

Figure  3-2: Research Life-Cycle 

3.2.1  Research Initiation 

At this stage, an attempt is made to understand the issues and problems in project 

planning and scheduling which becomes the basis for definition of this research study. 

Research 
Life-Cycle 

Approach Method Means/Individuals 

Research 
Initiation 

Qualitative 
 

 

Observation Personal experience 

Interviews 
Industry and academic 
experts 

Research 
Definition 

Literature 
Review 

Accelerating, Overlapping 
& Combined Literature 

Interviews Industry Experts 

Data 
Collection 

Modeling 

Interviews 

Planners/Schedulers 

Project Engineers 

Discipline Leads 

Focus Groups 
Researchers 

Industry Experts 

Projects 
Historical Data 
Gathering 

 

Data 
Analysis 

Model 
Development 

Heuristic Model 

Evolutionary Optimization 
Model 

 

Simulation 

Flow Diagram Development 

Computer Tool 
Development 

Validation 

Internal (Efficiency & 
Effectiveness of model) 

External (Industrial Project 
Case Study) 
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The outcomes of this stage serve as the starting point to perform a detailed literature 

review and identify the existing gap. In addition, an initial plan for major milestones of 

the research project is prepared. 

3.2.2 Research Definition 

After initiating the research, the next important step is to define the research for a 

better understanding of the scope and its boundaries. Because the research has several 

components, it is very important to understand the work which is supposed to be 

accomplished, and also the known exclusions to the study. Due to limited literature in this 

specific topic, it is important to clearly identify the boundaries of research, to be more 

focused and prevent later sidetracking and scope creep. For this reason, scope inclusions 

and exclusions are carefully decided and documented as discussed in Chapter One. 

3.2.3 Data Collection 

There are two important questions which have to be answered when collecting the 

data for the research. The first is to know what data is needed, and the second is to 

understand where the data is located. 

a. What data is needed? The required data for this research is generally crashing, 

overlapping and substitution time and cost inputs. The data requirement for each 

category is explained in more detail below: 

Crashing: Required data is the normal duration of each task and the maximum 

amount each can be shortened by adding more resources (crash point). The crash 

point is the minimum task duration where adding more resources will not make it 

shorter. One of the important hypotheses in this research is that due to inefficiencies 

and loss of productivity resulting from utilization of more resources, greater effort 
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would be required for coordination and supervision, so this information is also 

required.  

Overlapping: Required data for overlapping is the maximum amount that two 

activities can be overlapped and the rework duration on the successor activity due to 

this overlapping. 

Substitution: For cases that can include an alternative method for performing a task, 

inputs for that must also be provided, as well. The examples can be using computer 

instead of manual calculation, implementing a more advanced software, and so forth. 

b. Where is the data located? Data is either located in historical data from previous 

projects, or can be obtained through discussions with experts to receive their opinion. 

For example, how would overlapping of two activities for a certain amount extend the 

duration of the successor task? Or: based on your experience, how would crashing of 

a certain task in previous projects add hours requirement and cost for that task? 

In order to collect the required data and information for this study, the methods used are 

Observation, Interviews, and Focus Groups. 

3.2.4 Observation 

Marczyk et al. (2005) believe an important component in any scientific 

investigation is observation. In their ideology, observation refers to two distinct concepts: 

being aware of the world around us and making careful measurements. Observations of 

the world around us often give rise to the questions that are addressed through scientific 

research (Marczyk et al., 2005). Observations in a qualitative study are intentionally 

unstructured and free-flowing: the researcher shifts focus from one thing to another as 
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new and potentially significant objects and events present themselves (Leedy and 

Ormrod, 2005).  

There are some observations on this research study based on the personal 

experience of the researcher. The researcher does have twelve years of professional 

experience in industry, as a senior project planning and controls engineer. These 

observations are therefore obtained during involvement in more than twenty projects in 

the energy industry. This academic research assists in verification of conclusions from 

this professional experience, and a better understanding of the nature of the problems and 

underlying concepts of schedule compression as explained in Chapter Four. 

3.2.5 Interviews 

A thorough interview is a form of self-report that is a relatively simple approach 

to data collection. Although simple, it can produce a wealth of information. An interview 

can cover any number of content areas and is a relatively inexpensive and efficient way 

to collect a wide variety of data that does not require formal testing (Marczyk et al., 

2005). Leedy and Ormrod (2005) believe interviews in a qualitative study are rarely as 

structured as the interviews conducted in a quantitative study. Instead, they are either 

open-ended or semi-structured, in the latter case revolving around a few central 

questions. Unstructured interviews are, of course, more flexible and more likely to yield 

information that the researcher hadn’t planned to ask for; their primary disadvantage is 

that the researcher gets different information from different people and may not be able to 

make comparisons among the interviewees (Leedy and Ormrod, 2005). 

One of the most important inputs on this research is given by professionals and 

experts within the industry. Meetings are arranged to explain the research goals and 
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objectives, to obtain expert opinion on the best practices, and the logic behind the 

selection of overlapping and accelerating in projects. There are observations on 

preferences for one method to other, which differs from expert to expert based on their 

personal experience and attitude. Of course this research is expected to capture all such 

ideas, to prevent bias.  

Interviews with professionals and experts are generally aimed at acquiring the 

information required for developing algorithms and performing validation of the research 

results. These interviews are conducted in three phases as explained here below. 

Interview Phase 1: Obtaining general knowledge of accelerating and overlapping 

mechanisms, constraints and preferences in selecting between the two techniques, typical 

opportunities in projects for accelerating and/or overlapping, the type of relationship 

between the major critical activities (hard logic or soft logic), how fast their evolution is, 

and how sensitive the activities are to change in the predecessor tasks. 

Interview Phase 2: Understanding the involved parameters and variables contributing to 

the decision between accelerating and overlapping. This includes components of 

accelerating cost (more resources, overtime, etc.), the cost of overlapping (risk of rework, 

etc.) incentives for project early completion such as saving indirect cost, and penalties of 

delays in project finish dates. This information improves formulation of the problem. 

Interview Phase 3: Gathering required information for validation of the research by 

obtaining a real project's sample network schedule, including accelerating and 

overlapping durations and cost. After running the model, results are presented in order to 

verify feasibility and accuracy. 
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Conducted interviews are also classified based on the experts’ roles in project 

organization. The reason for involving these roles is to obtain a complete understanding 

from issues and concerns from team members’ different perspectives. Interviews are 

typically done by following members: 

• Interview with Planners/Schedulers 

Since the schedulers are in direct contact with the project schedules and update the 

plans on a regular basis, they are able to provide useful information about the issues 

and concerns involved with using each type of schedule compression. Due to 

extensive exposure and experience of the schedulers, they occasionally have practical 

opinions on what method to use for some specific tasks in projects, which can be 

useful for this research. 

• Interview with Project Engineers 

Project Engineers coordinate the interfaces between the disciplines and can see the 

impacts of a change in one discipline upon another. Therefore, they are able to 

provide useful inputs to this research with regards to the activities which are joint 

effort between various disciplines, as well as the relationships among disciplines. 

• Interviews with Discipline Leads 

Discipline leads are responsible for managing their related tasks to completion within 

the assigned budget and time. For this reason, they need to be involved in the 

decision-making process for accelerating and overlapping their activities. 
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3.2.6 Focus Groups 

In addition to the interviews, focus groups are organized to interact with experts 

in industry and academia. There are two kinds of focus groups incorporated during the 

course of this research: 

• Researchers’ Focus Group  

This is a form of focus group which is intended to coordinate with the other 

researchers in academia. A fast-tracking research program has been launched at the 

Project Management Centre of Excellence in the Civil Engineering department of the 

University of Calgary (www.ucalgary.ca/projectmanagement, 2012). The objective of 

this research program is to develop new tools, methods, best practices, and guidelines 

to address the high demand for the early completion of projects. For achieving the 

main goals of this program, a variety of research projects (including this research) are 

defined as listed below: 

� optimizing activity overlapping in fast-track projects (completed), 

� creating a decision support system for efficient utilization of fast-tracking 

techniques (completed), 

� determining the optimum degree of activity accelerating and overlapping in 

schedule compression (the current study), 

� examining the timing and modalities of convertible lump-sum turnkey (CLSTK) 

contracts for fast-track projects (in progress). 

In addition, the following research areas are defined for future researchers:  

� developing a model to predict overlapping rework functions, 
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� determining best practices for switching from an initially conventional in-progress 

project to a fast-track project, 

� determining best engineering interface management practices to execute fast-track 

projects, 

� optimizing an outsourcing model to enhance the integrated project team, 

� creating a decision support system for utilizing best modularization strategies to 

accelerate project execution, 

� creating dynamic material allocation system to speed up construction works, 

� encouraging the application of standard design and off-the-shelf design to 

accelerate construction projects, 

� incorporating fast-build features in design to accelerate the project, 

� reducing wet trade work to accelerate project execution, 

� design simplification techniques for faster delivery of construction projects. 

Having a research program defined creates an elaborative environment in which 

researchers working in one area can interact and brainstorm. This generates synergy and 

raises the productivity of the researchers, as the studies are done in a team environment 

rather than in isolation. They are also able to comment on each others' study and provide 

useful inputs about the research direction and contents. In addition, since some of these 

research topics under the fast-tracking program are in the vicinity of each other, using the 

focus groups assists in drawing a line between the research studies on adjacent topics. 

Ultimately, these individual researches are like different pieces of a large puzzle that are 

being executed and completed in a coordinated way and can bring considerable 

contribution to the literature. 
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• Industry Experts’ Focus Groups 

Since this research is being done in a project management area, the practicality of the 

results is recognized as an important element for successful completion of the study. 

For this reason, involvement of experts and professionals in the industry becomes 

mandatory to obtain the inputs and expert opinions on this project, above and beyond 

simply collecting input data and information. These focus groups are conducted in 

different stages of the research lifecycle at which experts provide inputs to this 

research:  

� Inputs in Research Initiation: Participation of the experts during research 

initiation mainly assists in identification and elaboration of the problem.  

� Inputs in Research Definition: After the problem is fully identified and the gap 

in the literature is analyzed, expert opinion helps to properly define the problem. 

This is intended to make the path clear for the researcher and to avoid 

sidetracking in the course of research execution. 

� Inputs in Model Development: During the stage of design and development of 

the model, experts provide important inputs for the accuracy and practicality of 

the model and whether it adequately represents the real-life situation. According 

to Phillips (1984), the model is constructed through an interactive and 

consultative process between problem owners and specialists. The process of 

generating the model uses the participants’ sense of unease about current model 

results to further develop the model. Therefore, their inputs in all stages of 

research development help the researcher to improve the model and include all the 

necessary features. 
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� Inputs in Model Validation: Experts provide input in two steps during the 

validation. First, they provide the data and information to perform the validation 

on a real-life project case study. Second, after solving the case study and 

obtaining the results from the model, outcomes are presented to the experts and 

they provide their inputs about the validity of the results. 

3.2.7 Data Analysis 

A literature review of the previous research conducted on this topic by other 

researchers significantly increased familiarity with the current status of the schedule 

compression content of academic literature. Interviews with professionals also facilitate 

obtaining expert opinions on identification of the problem components, such as the costs 

and risks associated with overlapping and accelerating, and the benefits of each day of 

early completion. Combining of these two methodologies enable proper identification of 

the parameters and constraints and their relationship, in order to better formulate and 

solve the problem.  

The interviews are semi-structured and are aimed at obtaining as much 

information as possible about the schedule compression techniques, risks and 

opportunities involved. The sessions are not formal and the discussions help to provide 

the areas around the topic. However, they are redirected toward the subject if the 

discussions are going to sidetrack. Analysis of the results of interviews in three phases is 

done as follows: 

Analysis of Interviews in Phase 1:  

The information obtained assists the researcher in better understanding the 

problem and becoming familiar with the mechanisms of accelerating and overlapping in 
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the design stage of oil and gas projects. This also facilitates better identification of 

activities suitable for accelerating and overlapping, since some activities are not 

appropriate to be accelerated or overlapped for safety and quality reasons. Furthermore, 

accelerating and overlapping of activities that are not on the critical path would not be 

beneficial, as they do not reduce the project duration. Industry experts are asked about 

their experience in using different methods of accelerating (crashing, substitution) and 

disadvantages of each method compared to the other. They are also asked to express their 

opinion about overlapping, and how they compare it against accelerating opportunities. 

Their judgment is used to investigate and identify the pitfalls and drawbacks of each 

method to be considered in the analysis. 

Another goal of these sessions is to distinguish between "mandatory" and 

"discretionary" relationships. Mandatory dependencies are those that are contractually 

required or inherent in the nature of the work, which often involves physical limitations 

(also known as "hard logic"). Discretionary dependencies are established based on 

knowledge of best practices within a particular application area or some unusual aspect of 

the project where a specific sequence is desired, even though there may be other 

acceptable sequences ("preferred logic" or "soft logic"). Since soft logic can create 

arbitrary total float values, they can limit later scheduling options, and when fast-tracking 

techniques are employed, these dependencies should be reviewed and considered for 

modification. Discussion with professionals and experts determines which dependencies 

are typically mandatory and which are discretionary. Understanding these kinds of 

relationships helps in selection of overlapping and accelerating opportunities. The soft-

logic relationships are expected to be more flexible and suitable for overlapping since the 
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start of activities are not really pending and thus can be the reasonable options for 

overlapping. In contrast, we may not have too much chance of overlapping in mandatory 

relationships, or it may create high risks of change and rework, which would make this 

decision very costly and unlikely to be picked by the algorithm. For the mandatory type 

of relationships, we may need to seek accelerating opportunities instead. 

The collected data in this step is high-level and subjective and is more focused on 

the general impression and preference of experts on selection between the schedule 

compression techniques. This knowledge helps in gaining a better and more in-depth 

understanding of schedule compression techniques. After collecting all the data, they are 

reviewed and analyzed to find the common observations and points that are mentioned by 

all the experts as typical advantages and disadvantages of each technique. From the 

knowledge gained in the first phase, second-phase sessions are continued to acquire more 

objective information about the elements and parameters contributing in each method.  

Analysis of Interviews in Phase 2: 

The information gathered in phase 2 is meant to be used for identification of the 

variables and parameters for better formulating the problem. Interviewees are asked about 

the cost of accelerating and overlapping, the risks attributed to these techniques, and the 

benefits of schedule compression. This is done by conducting a focus group meeting or 

interview with a number of experts to collect diversified ideas.  

After the data is collected, it is classified into two main categories of costs and 

benefits, and this is used to formulate the net benefit of schedule compression simply by 

subtracting the aggregated costs from the compression benefits. All the data and 

information is compiled and integrated to define the parameters and build the objective 
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functions and parameters. Another objective of these sessions is the identification of 

overlapping risks and the assessment of the impacts on successor activities. Since in 

overlapping, activities have to be started with incomplete data and information, there is a 

probability of change in the successor task that creates rework. The amount of rework 

depends on the extent of change in the predecessor, the progress of the successor task, 

and its sensitivity to the changes.  

If rework and cost functions can be developed, it is discussed with the 

professionals, so for each degree of accelerating and overlapping, the algorithm 

calculates the cost and rework duration by itself using these functions. For doing this, at 

least two points of minimum and maximum degree of accelerating and overlapping for 

each task are reviewed, to discuss the cost for each degree. Then this data is analyzed 

about the possibility of fitting to a curve. If no function can be determined for this data, 

expert judgments about the specific cost and rework duration for each degree of 

accelerating and overlapping can be used as discrete points.  

It is noteworthy that the formula at the end is not supposed to calculate the overall 

cost or benefit of project execution: it analyzes the cost and benefit of schedule 

compression only. For overall project cost/benefit analysis, the calculated compression 

benefit or loss should be added to the other economical justification figures. 

Analysis of Interviews in Phase 3: 

 In this phase, a network schedule for a real-life project work package having the 

characteristics of a full project is acquired. This is the schedule for a process unit with a 

limited scope to be executed in a shorter duration. After the network schedule is acquired, 

it is analyzed to identify the critical activities on the schedule to be discussed along with 
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other near-to-critical paths (e.g. activities with total float of less than five days) and to 

look for opportunities for accelerating and overlapping. Experts’ opinions are sought for 

accelerating opportunities for these tasks, and different degrees of accelerating times (as 

discrete points) obtained with the cost for each degree of accelerating. The maximum 

allowable compression (crash time) is also determined, so that there is no possibility for 

the activity to be compressed after this point. At the same time, the overlapping 

opportunities between each pair of critical activities is also examined and analyzed. 

Professionals provide the allowable overlapping degree with the amount of rework that 

may occur for each degree of overlap. From the rework duration, the rework cost for each 

degree can be calculated. After all this accelerating and overlapping information are 

collected, this data become the inputs to the algorithm. The Genetic Algorithm (GA) 

optimization model uses this information to generate the original population of the 

random solutions, and after performing cross-over and mutations in thousands of runs, 

provides solutions that are close to optimum, or the targeted solution for this network 

schedule.  

Next, the top ten solutions are brought to the professionals' attention, to see which 

one they judge as the most favorable solution, in terms of cost of compression, project 

duration and technical feasibility, and whether the results are of practical significance 

(that is, if the findings were actually useful). In addition, they are asked for their own 

schedule, developed by their conventional practice, to compare the degree of accelerating 

and overlapping for the activities and calculate schedule compression costs using the 

provided information about cost- and time-saving information. Having the benefit of 
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schedule compression calculated by the developed algorithm more than company’s own 

practice, also validates the optimization algorithm.  

3.2.8 Model Development  

Phillips (1982) defines a model as a simulation of reality but not as complex as 

reality. This definition is used in this research to solve the time-cost trade-off by 

modeling the problem. Phillips (1982) introduces requisite models are reached only when 

no new intuitions emerge about the problem. If exploration of the discrepancy between 

holistic judgement and the model results shows the model to be at fault, then the model is 

not requisite and it is not yet sufficient to solve the problem. 

A model may be "deterministic" or "stochastic". A deterministic model is one that 

contains no random variables, while a stochastic model contains one or more random 

variables.  

Since the inputs to this model, such as activity durations, lag values, and costs, are 

deterministic, the researcher has decided to build the model in a deterministic 

environment for this research. The reasons for such decision are: 

• Conversion to stochastic model would make the model exceedingly complicated, 

requiring too many inputs.  

• For the purpose of this research, it is preferred to isolate the risks only to those related 

to accelerating and overlapping. Should the research be converted to stochastic, the 

ranges may include other risks not due to overlapping or accelerating. This makes the 

result of analysis distorted and less accurate. 

• Any risk analysis on a stochastic environment can be done after this exercise. The 

best arrangement of activities and durations can be used for allocating the other risks 
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(rather than accelerating/overlapping) with their probability and impact, and be then 

simulated. There is a chance that by making such an analysis, the chosen alternative is 

not the best any longer, so the decision-maker would then select another one. This is 

an iterative process and should be regularly performed in the course of the project. 

3.2.9 Optimization 

Since the scope of this PhD research is to optimize the schedule compression 

benefit, a detailed literature review and study of the applicable optimization techniques is 

performed to select the best method that suits solving this time-cost trade-off problem. 

Optimization is the task of finding one or more solutions which correspond to minimizing 

(or maximizing) one or more specified objectives and which satisfy all constraints. A 

single objective optimization problem involves a single objective function and usually 

results in a single solution, called an "optimal" solution. On the other hand, a multi-

objective optimization task considers several conflicting objectives simultaneously. In 

such a case, there is usually no single optimal solution, but a set of alternatives with 

different trade-offs called "Pareto optimal solutions" (Branke et al., 2008). In multi-

objective optimization problems, multiple objective functions must be optimized 

simultaneously. In the case of multiple objectives, there does not necessarily exist a 

solution that is best with respect to all objectives, because of differentiation between 

objectives. A solution may be best in one objective but worst in another. For Pareto 

optimal solutions, no improvement is possible in any objective function without 

sacrificing at least one of the other objective functions (Sivanandam and Deepa, 2008). 

Despite the existence of multiple Pareto optimal solutions, in practice usually only one of 

these solutions is to be chosen. Thus, compared to single-objective optimization 
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problems, in multi-objective optimization there are at least two equally important tasks: 

an optimization task for finding Pareto optimal solutions (involving a computer-based 

procedure) and a decision-making task for choosing a single most preferred solution. The 

latter typically necessitates preference information from a decision-maker (Branke et al., 

2008).  

3.2.10 Simulation 

Process simulation is used in developing the decision support system. Simulation 

is the process of designing a mathematical-logical model of a real system and 

experimenting with the model on a computer. Computer-based simulation can be used to 

imitate the behaviour of the system, and facilitates valid conclusions to be drawn on the 

real system by decision-makers. The decision support tool identifies the most suitable 

activities for accelerating, pairs of activities suitable for overlapping, and the degree to 

which they should be accelerated and/or overlapped. This is a cost/benefit analysis 

comparing the cost of compression with the observation of benefits achieved by early 

completion for each unit of accelerating or overlapping. The developed decision support 

system is used in order to validate the developed algorithm. The simulation environment 

is created using Microsoft Excel and Microsoft Project Applications to simulate different 

strategies of schedule compression, on a real-life project schedule as a case study. Use of 

these popular applications helps in accurate validation since many of the projects’ real 

data are available within the Microsoft Office environment.  

The other factor that is important to consider is the degree to which the researcher 

is confident that the developed tool is capable of providing reliable results. The 

measurement instrument in this research is considered to be the developed tool to 
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measure the cost in each schedule compression alternative. As Leedy and Ormrod (2005) 

assert, the reliability of the measurement instrument is the extent to which it yields 

consistent results when the characteristics being measured have not changed, and this 

may be determined by the following forms:  

• Inter-rater Reliability: The extent to which two or more individuals evaluating the 

same product or performance give identical judgments. This is accomplished by 

presenting the results of the model to the professionals and experts in industry and 

having them evaluate whether the results of the model are reasonable. 

• Test-retest Reliability: The extent to which the same instrument yields the same 

result on two different occasions. This is done by testing the developed tool on 

different problems and examining if the results are consistent. 

3.2.11 Validation 

Research validation is generally done in two major steps: internal and external 

validity.  

3.2.12 Internal Validity 

The internal validity of a research study is the extent to which its design and the 

data it yields allow the researcher to draw accurate conclusions about cause-and-effect 

and other relationships within the data (Leedy and Ormrod, 2005). Internal validity in this 

research is maintained through conducting several tests on a sample hypothetical problem 

to observe the extent to which the results yield a rational conclusion. 

3.2.13 External Validity 

The external validity of a research study is the extent to which its results apply to 

situations beyond the study itself, and the extent to which the conclusions can be 
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generalized to other contexts. Validating the model is carried out by incorporating a real 

project schedule (or a work package with characteristics of a complete project) and 

checking the validity of model outputs with the actual results and their proximity to the 

optimum solutions. For the purpose of this research, a real-life case study project is 

identified to test the outcomes of the research and see if it results in reasonable 

conclusions. 

3.2.14 Case Study 

The purpose of the case study is to understand the problem in a greater depth. 

Methods of data collection for this approach are observation, interview, written 

documents, and other audiovisual documents. 

The data for the case study analyzed on this research is gathered from a real 

industrial oil and gas project. The case study project in this research is a section of overall 

schedule in a project. In order to achieve the timelines of this research, the study is 

conducted on a critical chain of activities in the design stage of an ongoing oil and gas 

project. Further explanation about the case study project is given in Chapter Six. 

Accelerating and overlapping inputs for each activity or pair of activities are 

collected from experts in the interviews and focus groups. After completing the case 

study analysis and incorporating the research outcomes on this case study, the following 

strategies are employed for the validation as recommended by Leedy and Ormrod (2005). 

� Feedback from Others: The opinions of professionals and experts are sought to 

determine whether they agree or disagree that the research results are interpreted 

appropriately and valid conclusions are drawn from the data. 
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� Respondent Validation: Research conclusions are reviewed by the participants in 

the study and they are simply asked whether they agree with the conclusions and if 

the results do make sense based on their own experiences. 
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Chapter Four: Analyzing and Discussing Literature Review, Interviews and Focus 
Group Results to Generate a Schedule Compression Model 

This chapter presents and analyzes the findings of the literature review and the 

outcomes of interviews and focus groups. As discussed earlier, schedule compression 

consists of the major techniques of activity crashing, substitution and overlapping. 

Combinations of these techniques have been used to develop the schedule compression 

model in this chapter. 

4.1 Nomenclature 

BEF Benefit of each day early finish 

BSC Benefit of schedule compression 

CAC Cost of accelerating 

CCR Cost of crashing 

CCRi Cost of crashing in segment i 

CD Cost of delay in project completion 

CLF Cost of each day late finish 

CN Normal cost of task 

COL Cost of overlapping 

CSB Cost of substitution 

CSC Cost of schedule compression 

DCR Task duration after crashing 

DCRi Task duration after crashing in segment i 

DN Normal duration of task 

DO Original normal project duration before schedule compression 
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DOL Overlapping duration 

DSB Task duration after substitution 

DSC Task/Project duration after schedule compression 

DTR Target project duration 

HR Hourly rate of resources 

RCOL Rework cost due to overlapping  

RDOL Rework duration due to overlapping  

S Crashing curve slope 

Si Crashing curve slope in segment i 

SSB Substitution curve slope 

SCRi Crashing slope in segment i 

WCOL Cost of waste due to overlapping 

4.2 Schedule Compression Principles 

Schedule compression techniques are used to analyze cost and schedule trade-

offs, to determine how to gain the greatest amount of compression for the least 

incremental cost. Once the schedule baseline has been generated, project managers are 

able to start the time-cost analysis for project activities using the identified duration-cost 

relationship. The relationship can be represented in a graphic form as shown in Figure 

 4-1. Point I represents the point of minimum activity duration and maximum activity 

cost. This point is a limiting point for the duration. Point II represents the minimum 

activity cost and the associated activity duration corresponding to that cost. Point I is 

often referred to as the "crash cost" and point II represents the "normal duration". 
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Similarly, point I also establishes the "crash duration" and point II the "normal cost" 

(Callahan et al., 1992). 

 

Figure  4-1: Duration-Cost Relationship (adapted from Callahan et al., 1992) 

 

Although the relationship in Figure  4-1 is represented by a straight line, the 

relationship between the duration and cost of an activity is seldom linear. However, an 

approximation can be obtained by assuming a linear relationship between durations and 

costs resulting in a straight line. Since a close approximation has been made by a straight 

line between the crash cost and the normal duration points of any given activity, the cost-

per-day value can be calculated by calculating the slope using the following formula 

(Callahan et al., 1992): 

S = C�� − C�
D� − D��

 [ 4.1] 
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Where 

CCR = Crash Cost 

CN = Normal Cost 

DCR = Crash Duration 

DN = Normal Duration 

S = Slope 

In cases where the relationship is not linear, the different duration-cost points can 

be connected by drawing a line between the points in the graph, resulting in various linear 

segments as shown in Figure  4-2:  

 

Figure  4-2: Duration-Cost Relationship of an Activity (adapted from Callahan et al., 
1992)  

The slope of the graphic or the slope of the segments is used to determine what 

activities and durations will be selected for use in crashing the overall schedule. As will 

be shown later, the same slope is used to determine the impact that the reduction of 

schedule duration has on project costs. The slope of the line can be mathematically 

calculated by using the coordinates on the duration-cost graph using the formula; 

S2 

S1 
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S	 = C��	 − C��	
�
D��	
� − D��	

 [ 4.2] 

Where 

CCRi = Crash Cost Segment i 

CCRi-1 = Crash Cost Segment i-1 (CN when i-1 is the first segment) 

DCRi = Crash Duration Segment i 

DCRi-1 = Crash Duration Segment i-1 (DN when i-1 is the first segment) 

Si = Slope Segment i 

 

The data used to determine the cost-duration relationship for each activity 

considers only the direct costs for performing those activities. However, the total project 

cost includes direct cost and indirect costs. Direct costs are dependant upon project 

duration and decrease when project duration increases, and vice versa. Conversely, 

indirect costs increase with project duration. The aim of a duration-cost trade-off is to 

reach the optimal point where the project duration is reduced to the minimum cost, as 

shown in Figure  4-3 (Callahan et al., 1992). 

 

 



Figure  4-3: Total Project Duration

4.3 Schedule Development Practices in Industrial Projects

In this section, conventional practices in industrial projects schedule development 

are discussed. This will assist in determining conventional industry procedures and how 

they can be improved. As 

groups and personal observations are used as methods of data gathering in this research 

project. A few observations may be reached after the initial step of this research as 

explained below: 

• Observation 1: Schedule compression exercises in projects are not well structured. 

Accelerating and overlapping methods are used interchangeably, and in a subjective 

manner. However, in some cases, due to the risk factors involved in overlapping, 

industry practitioners prefer to use crashing and substitution methods first, though 

with no detailed analysis.
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Cost Relationship (Callahan et al., 1992) 
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• Observation 2: At the beginning of a project, schedules are developed in an ideal 

manner with the links Finish-to-Start in most activities. Activity durations are also 

overestimated to respond to probable risks well in advance by allocating more than 

the required time. As the project progresses and delays start to appear, activity links 

are changed to overlap the tasks, and durations are shortened subjectively in an 

attempt to retain the planned finish date; this makes schedules unrealistic and 

unachievable. This becomes more evident as the projects come closer to the planned 

end dates, at which time it is too late to take any efficient corrective action to bring 

the project back on track. However, if a structured review and analysis is done on 

projects on a regular basis with the proposed compression method for each task, the 

probability of achieving the planned finish date is expected to increase considerably. 

• Observation 3: Company type and the economics of its market will have large 

influences on schedule compression strategies. For example, an oilsands operator in 

the hot oil market tends to spend more funds to complete the project as soon as 

possible, to benefit from the competitive advantage in the market. On the other hand, 

a contractor company with no incentive clause in its contract has relatively less 

motivation to complete the project sooner than planned. 

• Observation 4: The contract type may have some impact on the schedule sensitivity 

of the project, as well. In cost-reimbursable contracts, contractors benefit from the 

project as long as the project is still in execution. Therefore, they have minimal 

incentive to complete the project early, unless there is a bonus term in the contract 

that motivates the contractor to finish the project early. In fixed-price contracts, 
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contractors have more drivers to finish the project earlier and assign their resources to 

other projects, thus minimizing the opportunity cost. 

• Observation 5: Hartman (2000), describes the challenges of project schedules as 

including lack of risk identification and response plan, estimating based on single 

points and without input from team members responsible for delivery, no buy-in to 

plan by the team, and unrealistic or overoptimistic planning and estimating. 

These observations motivated the researcher to undertake an in-depth 

investigation of the methods by which schedules are developed by planners in industry. 

By conducting interviews with planners and schedulers, conventional practices for 

schedule development in projects have been identified as two methods: a Bottom-up 

approach and Interactive Planning Sessions (IAP). 

4.3.1 Bottom-up Approach  

In this method, engineers in each discipline provide a list of deliverables, their 

required man-hours and normal duration and pre-requisites for the task to the planners. 

Planners then use the provided information to define the activities and link them together 

to build the first draft of schedule. 

Interviewed planners believe that there are links in the design stage of projects 

which are occasionally soft-logic and discretionary, rather than built upon hard logic. In a 

bottom-up approach the provided links by discipline leads are strictly considered as hard 

logic even if they are not. This is because engineers prefer to have an ideal engineering 

logic built into the schedule to prevent further changes and reworks due to out-of-

sequence work. For this reason, because the activities are mainly sequenced Finish-to-

Start, even with perfect engineering practices, the calculated project end date using this 
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method falls after the mandatory finish date for the project. In such case, a schedule 

compression exercise needs to be conducted to shorten activity durations on the critical 

path or to overlap some of the tasks. For this purpose, some deviation from the initial pre-

requisites as identified by engineering will be done in consultation with the relevant 

discipline, and with the approval of the engineering manager and project manager. This 

usually needs documentation, for deviation from the organizational procedures, and 

guidelines for overlapping the activities. In such cases, this deviation will be documented 

and approved by the project manager and engineering managers and will be kept in 

project records for future reference. Deviation may cause later rework due to out-of-

sequence progressing. 

Advantages: 

Advantages of a bottom-up approach to schedule development are: 

1. Provides a more systematic way for building a schedule in which all assumptions are 

documented and available for later revisiting and reconsideration. 

2. Minimizes subjective decision-making by planners for the required linking, since the 

logic is documented and can be used in developing the project schedule. 

Disadvantages: 

1. Provides an environment for engineers and planners to work in isolation and 

communicate through emails or documents, and minimizes face-to-face 

communications. 

2. Because engineering logic dictates having all required information before starting 

with the design, it is likely that the critical path falls on the activities which are 

actually less important from an experienced project manager's point of view. This has 
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been observed mainly in purchasing of bulk materials where the Material Take Offs 

(MTOs) have to be taken from the final drawings to estimate accurate quantities of 

required materials. However, this logic causes these MTOs to be generated very late 

in the project and leaves a very short time to purchase the materials, thus making 

them very critical. This could be prevented by introducing another activity for the 

first MTOs and begin purchasing of those materials needed at the site early, then 

amend the order for these materials later with a more accurate estimation of 

quantities. 

3. This method is useful for detailed schedules and is not efficient in high level 

schedules, because most often engineers use the list of deliverables for this purpose. 

This is a very detailed list containing all the tasks and deliverables to be prepared and 

issued in accordance with the project scope. 

4. External relationships with other departments or parties to the project may not be 

clear and requires further clarification and communication with different project 

stakeholders. 

5. Schedule development by this method needs more time. The first draft of the schedule 

must be compressed in meetings attended by all parties and the project management 

team to make important decisions about project execution strategy. 

4.3.2 Interactive Planning Sessions (IAP) 

The other commonly-used method for schedule development in projects is 

conducting interactive planning sessions (IAP). This method is a faster approach to 

developing the schedule, and because it involves all the involved parties in a session, 

usually is more efficient.  



103 

 

The Fast-Track Manual (Eastham, 2002) describes IAP as a process that involves 

all interested parties (for example, stakeholders, clients, key suppliers; usually around 

twenty people) in a one-day session conducted by trained facilitators. Baar (2002) 

identified the IAP session's key goals as the following: 

• To develop a realistic integrated schedule based on real work process steps and 

realistic durations. The outcome of IAP provides schedule milestones for the project. 

• To facilitate "buy-in" from the project team members. Each team member plans 

his/her own tasks and interacts with the rest of the team, with respect to their own 

needs. The schedule is not developed independently of the team. 

• To define those major issues that may have significant impact on the project. These 

are risk issues and can include a permit, long-duration deliveries, release of funding, 

or personnel resources (for example, can the client provide the reviews required to 

keep the project deliverables moving?). 

The objective is to gain understanding and agreement about how the project is to 

progress, including any changes to standard procedures. The participants need to address 

the interdependencies between various disciplines involved in the project, as well as 

dependencies between the work packages. People work together to share out the available 

time and undertake to cooperate in delivering a tight overall timescale.  

Baar (2002) has divided a typical interactive planning session into three phases: 

Pre-IAP preparation, the IAP session and Post-IAP actions. 

Pre-IAP preparation includes identification of project major milestones, a clear 

understanding of the project scope, the sub-contracting plan, the status of design and the 
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quantity of major deliverables (for example, PFDs, P&IDs, equipment list, and so on). A 

typical interactive planning session includes: 

1. Presentation by Project Manager to address aspects of the project including scope, 

schedule, safety, quality, cost, project engineering, procurement, construction and 

commissioning. An explanation of client's key milestones: these milestones set the 

initial schedule goals of the project. 

2. An interactive part during which members of the team provide inputs and discuss the 

assumptions, risks, and interfaces, to determine the logic and timing of their tasks 

considering resource constraints. Assumptions are documented on a spreadsheet. 

3. Blank sticky notes distributed to the engineering discipline leads (a different color for 

each discipline) to use on marking a time phased bar chart mounted to the wall, 

covering the project start to finish period. Then the disciplines are asked to write 

down their main group of deliverables (for example P&IDs) on each sticky note and 

attach it to the plotted time-scale so that all the other leads know when that 

information becomes available. 

4. The process continues until the schedule is recognised as being acceptable, robust and 

the best way forward in meeting the project objectives. 

In Post-IAP actions, planners develop the schedule using the inputs provided in 

the session and issue it to the team for comment or confirmation. The IAP provides the 

basis for a level II scheduling effort, leading to the level III schedule (Baar, 2002). 

Advantages: 

1. This method is fast and efficient, especially when a schedule needs to be prepared in a 

relatively short time to provide the team a path forward.  
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2. This method encourages more interaction and open communication, which provides 

an equal opportunity to share expertise, concerns, and knowledge of participants 

(Baar, 2002). This help identification and resolution of scheduling issues, as opposed 

to the Bottom-up approach.  

3. The method increases team buy-in and mutual commitments to achieve critical path 

milestones, because they have actively participated and shared their knowledge in 

preparation of the schedule (Baar, 2002). 

Disadvantages: 

1. The focus of the IAP session will be more toward the dates rather than the logic. 

Therefore, if the facilitator does not provide appropriate instruments and instructions 

for collection and identification of the predecessors and successors, this information 

will not be available for the planners. In absence of the proper logic, planners tend to 

link the activities in a way that schedules deliverables at the date shown on the board, 

regardless of whether the logic is accurate or not. This may seem not to be a major 

problem in development of the first schedule, as long as the activities are showing the 

intended dates. But in the later updates of the schedule, delays on some activities may 

push some irrelevant activities because of improper sequencing. 

2. The method gives the team a relatively short time to decide upon, and design, a 

working plan. Assumptions may change, especially those from the beginning of a 

project when the scope is not very clear and still under development. This may have 

extensive impacts upon the project and cause the need for more planning sessions to 

adjust the schedule in keeping with the latest scope. 

3. Length of the IAP meetings is another problem. These are usually planned for a full 
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day or at minimum half a day. The long meetings may reduce the efficiency of 

participants, having them lose interest in this exercise. 

As discussed, each method has its pros and cons. Regardless of the method used for 

development of the base schedule, it may require compression at the beginning of project 

or at later dates when delays start to appear. Therefore, confidence on the tasks’ durations 

and logic is an important factor in success of further schedule compression exercise. 

4.4 Schedule Compression Techniques 

In theory, schedule compression uses three techniques: crashing, substitution and 

overlapping. 

4.4.1 Crashing 

Crashing can be accomplished by increasing the man-hours for faster task 

performance and earlier completion. Techniques for crashing are overmanning, extended 

work time and multiple-shift work.  

a. Overmanning: This simply means increasing the number of resources assigned to a 

task to reduce the duration. Overmanning increases project cost due to inefficiencies 

involved when assigning more resources to a task, but it is an effective tool for 

reducing task duration. Overmanning can be understood in two different ways. First, 

it can refer to the increase in crew sizes in an amount that exceeds the optimal crew 

size. The optimal crew size is the minimum amount of workers required to complete 

a task in the assigned period of time. Overmanning can also be defined as an increase 

in the peak number of workers of the same trade over actual average manpower 

during the project (Hanna et al. 2005). Both approaches to increasing the number of 

craftspeople allow progressing at a faster rate, to diminish the time it takes to 
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complete activities. Overmanning in design projects can also be accomplished by 

setting up a multiple-office design environment in the project. This means setting up 

more than one design office to provide engineering and design support services to 

the project team. These offices can be at the same geographical location or remote 

offices. 

Advantages:  

High rate of progress without fatigue problems. An additional advantage of setting 

up multiple offices is accelerating the work in the projects and shortening the 

duration as this adds more resources to the project. If offices are set up in countries 

with lower pay rates, the project will benefit from lower labour cost too. 

Disadvantages:  

There are limited studies in the literature analyzing overmanning and its impacts on 

labour productivity; also, they focus upon construction projects rather than the design 

stage. However, these studies do show that if the number of workers exceeds an 

optimum number, it will reduce efficiency due to physical conflict, high density of 

labour and congestion, which requires more coordination (De la Garza and Hidrobo, 

2006). 

Waldron (1968) studied the relation between the percentage of overmanning and 

percentage of productivity loss. However, Waldron provides no exact definition of 

overmanning percentage and no information about the data used in his study 

(Gunduz, 2004). O'Conner (1969) conducted a study on productivity loss resulting 

from overtime and overmanning. His study was based on data from the 1963 through 

1968 project records of five fossil fuel power stations located in the Ohio Valley. For 
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situations where the number of workers on site are 100, 200, and 300, loss of 

efficiency was calculated in "% of total hours worked". The study concluded that 

overmanning could result in a productivity loss of up to 30% (O'Conner, 1969). 

However, there is no comprehensive description of how this data was obtained from 

the power stations, and again no precise definition of overmanning was provided. 

The U.S. Army Corps of Engineers released a "Modification Impact Evaluation 

Guide" in 1979, introducing the effect of overmanning on labour productivity (U.S. 

Army, 1979). Overmanning was defined in terms of "% crew size above optimum". 

However, the source of data, trades involved, job conditions, and definition of 

"optimum" were not provided. Gunduz (2004) compares the three studies and draws 

comparative graphs as shown in Figure  4-4. 

 

Figure  4-4: Overmanning Curves in the Literature (Gunduz, 2004) 

 

As a mathematical expression, percent lost efficiency (% lost efficiency) is given in 

the following (Hanna et al., 1999);  
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% Lost Ef�iciency

= Actual Total M/H − (Estimated Total M/H + Approved CO Hours)
Actual Total M/H  

[ 4.3] 

The main disadvantage of multiple design offices is the requirement for extensive 

coordination and communication between the offices. Since these offices may be 

geographically located far from each other, having regular physical face-to-face 

meetings may not be possible, although advancements in communication technology 

can reduce the negative impacts to a certain extent, such as the ability to 

communicate through video-conferencing. Another key disadvantage is the time 

difference between the offices which creates barriers for communicating between the 

offices. 

b. Extended Work Time or Overtime: Durations of project tasks in a schedule are 

estimated with the assumption of working for a certain number of hours per day (for 

example, a typical eight-hour workday). Thus, another method to reduce task 

duration can be overtime, or extending the number of work hours per day. Overtime 

accelerates progress of the activities without the need to engage extra resources, and 

requires less coordination as compared to overmanning. But overtime usually 

mandates payments on a higher rate (1.5 or more), after work hours and on the 

weekends. In addition, when overtime is continued for a long period of time, it will 

decrease efficiency. This is due to mental and physical fatigue, increased accident 

rates and reduced safety, increased absenteeism and low morale (Hanna et al., 2005). 
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Advantages: 

The use of overtime to reduce project schedule is sometimes chosen over additional 

work-shifts and overmanning because it can produce a higher rate of progress 

without the coordination problems involved in managing additional workers (Hanna 

et al. 2005). 

Disadvantages: 

Labour productivity is negatively affected when overtime is implemented to 

accelerate the project, when overtime is scheduled for several weeks. Overtime itself 

may not lead to productivity loss; however, it can activate other factors that can lead 

to poor and inefficient productivity. This includes a requirement for faster 

development of other disciplines to provide timely inputs. Other problems associated 

with overtime and the resultant productivity loss include mental and physical fatigue, 

increased accident rates and reduced safety, increased absenteeism and low morale 

(Hanna et al., 2005). Finally, according to the U.S. Army Corps of Engineers, when 

the hours of work increase, workers tend to pace themselves with an eye to the 

extended hours; thus they adjust to accomplish about the same amount of work in an 

extended workday or workweek as they would have accomplished otherwise (U.S. 

Army, 1979).  

All the problems introduced by scheduled overtime reduce productivity and increase 

the cost of construction. Hanna et al. suggest that the premium cost of overtime and 

the reduced labour productivity result in a combined increased hourly cost of an 

average of 300% more than the normal straight time hourly rate (Hanna et al., 2005). 
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c. Multiple Work-Shifts: Another alternative for crashing is to set up multiple work-

shifts for the tasks. Shift work is the hours worked by a second group of craftsmen 

whose work on a project is performed after the first or primary work force of the 

same trade has retired for the day (Hanna et al., 2005). Like overtime, using multiple 

work-shifts is an effective way of reducing project duration, as it approximately 

doubles the amount of work hours per week. Engaging one or two additional shifts 

can lead to large reductions in activity durations and by crashing the activities on the 

critical path, overall project duration is decreased. 

Advantages: 

The advantage of work-shifts over overtime is that it produces less inefficiency due to 

physical fatigue and the cost of additional shifts is typically lower than overtime. It also 

creates fewer congestion problems as compared to overmanning. Hanna et al. (2005) find 

that various work-shifts may generate competition between the shifts that actually 

increases overall productivity.  

Disadvantages: 

The associated costs of additional administration personnel, supervision, quality control, 

safety, and logistics such as lighting make the cost of a work-shift higher than normal 

conditions. Furthermore, change among the shifts requires extensive coordination due to 

little communication and cooperation between the shifts, and there is no single point of 

responsibility for progress and quality (De la Garza and Hidrobo, 2006).  

For this particular research focusing on the design stage of construction projects, the 

concept of multiple work-shifts does not seem to be an appropriate alternative due to the 
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nature of the design activities and the workers involved. The reasons for this are mainly 

that: 

• Design activities are unlike construction activities. These activities require a creative 

mind and the resources of this type are harder to find, compared to construction 

activities. 

• Design activities require extensive coordination with many parties including other 

disciplines, project engineers, project manager, the client, and so forth. 

• Designers are professional engineers who would like to work only during the normal 

hours and they are less likely to work overnight.  

Nevertheless, this method is suitable for the construction stage.  

4.4.2 Substitution  

Activity substitution entails the employment of a different technology with a view 

to achieving the same result. An example would be the replacement of a manual mode of 

fabrication operation with a computerized numerical control machine (Gerk and Qassim, 

2008). Using a different type or special kind of software to accelerate the design process, 

engaging other installation machineries or more productive equipment, or sub-contracting 

a part of the work for faster performance are other examples of substitution (Hazini et al., 

2013).  

Activity crashing and overlapping incur both fixed and variable costs; however, 

activity substitution involves fixed costs only. Gerk and Qassim assert that in practice, 

the major cost of the substitution of an activity, for example employing an alternative 

technology, resides in the acquisition cost. In oil and gas design projects, substitution can 

be applied by acquiring and utilization of 3D modeling software such as PDMS or PDS 
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instead of 2D applications. Therefore, there is a difference between the calculation of 

crashing costs and substitution costs. The crashing cost is the cost of additional resources 

in terms of hours, while substitution cost would be the cost of a new tool or method. The 

slope for a substitution curve can be calculated with a similar approach to the crashing 

slope as shown in equation [ 4.4]. It is worth noting that unlike the crashing curve, 

substitution values are usually discrete, with two points, and for this reason the 

substitution curve is drawn with dotted line. 

S+, = C+, − C�
D� − D+,

 [ 4.4] 

Where 

SSB = Substitution Slope 

CSB = Substitution Cost 

DSB = Task Duration after Substitution 

The substitution curve can be theoretically in three different positions as compared to the 

crashing curve, as explained in below options 1, 2 and 3; 

Option 1: Cost/time slope of substitution is greater than crashing as shown in Figure  4-5. 

SSB > SCR [ 4.5] 
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Figure  4-5: Crashing and Substitution Cost-Time Curves (Option 1) 

In this option, substitution will not be the selected accelerating method, since the cost of 

substitution is higher than the crashing at any point. 

Option 2: Cost-time slope of substitution is close to crashing as shown in Figure  4-6.  

SSB > SCR If DSC > 5 [ 4.6] 

SSB = SCR If DSC = 5 [ 4.7] 
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Figure  4-6: Crashing and Substitution Time-Cost Curves (Option 2) 

In this option also crashing is a preferred method of accelerating up to five days with 

minor differences between the two methods. For five days compression, the decision-

maker can choose between accelerating and substitution as they have the same cost. 

Crashing is the only option for accelerating more than five days since substitution is not 

applicable.  

Option 3: Cost-time slope of substitution is less than crashing as shown in Figure  4-7. 

SSB < SCR [ 4.8] 
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Figure  4-7: Crashing and Substitution Time-Cost Curves (Option 3) 

In this option, substitution is a preferred method of accelerating the task since with less 

cost compared to crashing, the duration of the task can be reduced to five days.  

Since substitution is only reducing the duration to a certain point, it is also 

possible to use a combination of both techniques in compressing a task. For instance, 

designers can purchase a more advanced software for 3D modeling to perform the 

modeling task faster. Using the new software, they can also engage more resources and 

crash the activity to reduce the duration more. The slope for any segment is calculated 

using equations [ 4.9] through [ 4.11] and a graph can be drawn as shown in Figure  4-8. 

S+, = C+, − C�
D� − D+,

 If 10 > DSC ≥ 5 [ 4.9] 

S��- = C�� − C+,
D+, − D��

 If DSC = 4 [ 4.10] 
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S��- = C��- − C��-./
D��-./ − D��-

 If 4 > DSC ≥ 2 [ 4.11] 

 

Figure  4-8: Combined Substitution and Crashing Time-Cost Curve 

Advantages:  

Substitution does not have the disadvantages of crashing methods such as congestion, the 

requirement of coordination and supervision, or fatigue and tiredness. Another advantage 

is that once a substitution method is set up, it can be used in other projects. For example, 

if a new 3D modeling software is purchased and the employees are trained, they can use 

the same system in other projects more efficiently with less cost. 

Disadvantages: 

A key disadvantage of substitution is that sometimes finding an alternative method can be 

very costly, for example purchasing a new software or new machinery. Another 

disadvantage is that substitution is not applicable to all activities and is limited only to the 

activities in which an alternate method is available. 
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4.4.3 Activity Accelerating (Crashing and Substitution) 

Due to the similar implications of substitution and crashing in this time-cost 

analysis, the researcher decided to classify these two techniques under one category 

called "Accelerating," to simplify the process. The developed model in this study will 

focus on the time-cost trade-off inherent in changing one variable (cost or time) and 

analyzing the impacts on the other. The decision as to what method to be used to obtain 

the expected result (crashing or substitution) lies within the project manager's discretion. 

Generally, activity accelerating practices increase the project cost but rarely add risk to 

the project. Thus, accelerating is a good solution for conservative decision-makers who 

are willing to finish the project earlier while taking minimum risk, as they can focus on 

crashing or substitution of activities on the critical path, as long as the cost of the total 

project is within the budget. Sources of the extra costs associated with each accelerating 

technique are shown in Table  4-1. 

Table  4-1: Accelerating Methods and Associated Costs 

Accelerating 
Method 

Technique 
Extra Cost Associated 

with: 

Crashing 

Overmanning 

Loss of productivity due to 
requirement for more 
coordination, accessibility 
issues due to limited space 

Extended Work Time 
Loss of productivity due to 
tiredness and fatigue, higher 
overtime rates 

Multiple Work-Shifts 
Loss of productivity from more 
coordination between the shifts, 
more supervision, logistic costs 

Substitution 
Replacing old methods with 
new advanced methods 

Better tools and machines, more 
advanced software 
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4.4.4 Crash Duration Concept 

There is a maximum reduction of duration when crashing is used. There are 

technical, physical, and safety constraints which do not allow the crashing of activities 

after a certain point. The crash duration would thus be the minimum duration of 

execution of a task (Callahan et al., 1992).  

4.4.5 Loss of Productivity in Crashing 

One of the main reasons that crashing practices are more expensive than normal 

execution is the resulting inefficiencies. Ideally, crashing causes a task's budget to be 

spent in a shorter time. This is illustrated in Table  4-2 as an example of a task that 

requires 100 man-hours to be completed. Normal duration for this task with one person 

working on it is ten days. However, by assigning more resources to this task, the duration 

for this task is reduced while the total man-hours is still the same (100 hours) which 

means the cost of crashing is zero. This is called the "Ideal Case" in this study. 

Table  4-2: Crashing Data for Sample Task (Ideal Case) 

Task Duration 
(Days) 

Required M/H 
Number of 
Hours/day 

Assigned Workers 

10 100 10 1.00 

9 100 10 1.11 

8 100 10 1.25 

7 100 10 1.43 

6 100 10 1.67 

5 100 10 2.00 

4 100 10 2.50 

3 100 10 3.33 

2 100 10 5.00 

In this example, two days is the crash duration for this task and it cannot be 

performed sooner than that. The crashing curve for this example in the ideal case is 

shown in Figure  4-9. 
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Figure  4-9: Crashing Curve in an Ideal Case (Zero Crashing Cost) 

However, the ideal case is not likely to occur and accelerating techniques tend to 

cause reduction in productivity of resources. Sources of productivity loss in crashing are: 

• need for more supervision: when more resources are assigned to a task, a greater 

supervision effort is required to ensure the tasks are aligned and performing in a 

proper manner, 

• need for more coordination, 

• less flexibility of workers in a limited space (congestion), 

• fatigue and tiredness for the resources, 

• communication barriers and issues. 

Noyce and Hanna (1997) analyzed the effects of schedule compression on time in 

one sample task as shown in Figure  4-10 in which, when adding resources more than a 

certain extent, inefficiencies start to appear which increase the required work hours. 
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Figure  4-10: Effect of Schedule Compression on Time and Work hours (Noyce and 
Hanna, 1997) 

Thomas and Smith (1990) calculated that there is a maximum 29% loss of 

productivity due to 50% overmanning. The US Corps of Engineers (1979), however, 

showed a maximum of 20% productivity loss, in the case of 100% overmanning. A study 

by Thomas and Raynar (1997) showed a 10-15% productivity loss due to short-term 

overtime effects. The extent of productivity loss is dependant upon the utilized method 

for crashing and the extent to which the activity is crashed. The formula for required 

hours in crashing mode is as follows: 

Required M/H = Normal M/H + Normal M/H × (Crashed Duration ÷ Max. 

Crashing Duration) × Max. Productivity Loss Factor% 
[ 4.12] 

 

For the sake of discussion, a loss of productivity factor is added to the required 

M/H for the discussed sample task in Figure  4-9, for 2 days of crashing as shown below: 
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Number of Hours/day = 10 Hours   Assigned Workers = 100 ÷ (8 × 10) = 1.25 

Maximum Productivity Loss = 20% 

Productivity Loss Factor = 20% × (2 ÷ 8) = 5% 

Required M/H = 100 + (100 × 5%) = 105 

Real Crashed Duration = 105 ÷ (1.25 × 10) = 8.4 days 

Table  4-3 shows the calculation for each day of crashing in the example, in which 

loss of productivity is taken into consideration: this is called the "Real Case". 

Table  4-3: Crashing Data for Sample Task (Real Case) 

Task 
Duration 

(Ideal Case) 

Required 
M/H 

(Ideal Case) 

Assigned 
Workers 

Expected Loss 
of 

Productivity% 

Required M/H 
to Cover Loss 

Of Productivity 

Required 
M/H 

(Real Case) 

Crashed 
Duration 

(Real Case) 

10 100 1.00 0.0% 0 100 10.0 

9 100 1.11 2.5% 2.5 102.5 9.2 

8 100 1.25 5.0% 5 105 8.4 

7 100 1.43 7.5% 7.5 107.5 7.5 

6 100 1.67 10.0% 10 110 6.6 

5 100 2.00 12.5% 12.5 112.5 5.6 

4 100 2.50 15.0% 15 115 4.6 

3 100 3.33 17.5% 17.5 117.5 3.5 

2 100 5.00 20.0% 20 120 2.4 

As shown in Figure  4-11, a task's duration is not reduced proportionally to added 

resources due to the productivity loss. This demonstrates that the crashing curve in a real 

case does not match the ideal case curve. 
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Figure  4-11: Crashing Curve in Real Case Compared to Ideal Case 

In this graph, the resource required for each day of schedule compression in the 

ideal case would be calculated by the formula: 

0(123) = 10 × 123 
� If  2 ≤ DSC < 10 [ 4.13] 

However, in the real case, due to the loss of productivity, the new formula would be: 

0(123) = 10 × 123 
� + [20% × 123
8  × 10] If  2 ≤ DSC < 10 [ 4.14] 
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resource works 50% overtime or another resource can be assigned to the same task half 

of his time. This can also be a combination of both, such as 20% overtime and 30% of 

assignment of a second resource. Table  4-4 compares task intensity in five different tasks. 

Table  4-4: Assignment of Resources in Five Different Activities 

 
Budget 
(Hours) 

Day 
1 

Day 
2 

Day 
3 

Day 
4 

Day 
5 

Day 
6 

Day 
7 

Day 
8 

Day 
9 

Day 
10 

Act. 1 100 100          

Act. 2 100 50 50         

Act. 3 100 25 25 25 25       

Act. 4 100 20 20 20 20 20      

Act. 5 100 10 10 10 10 10 10 10 10 10 10 

In Table  4-4, five activities are compared with the same amount of hours required 

to complete the task.  

• Activity 1: this task duration is one day but requires 100% assignment to a resource.  

• Activity 2: This activity normal duration is two days but it requires half of the 

resource time to be completed. The assigned resource can work on other tasks in the 

same project or other projects within the remaining 50% of the time. 

• Activity 3: Normal duration for this task is four days, in such a way that the resource 

only needs to work 25% of the time on this task. 

• Activity 4: Normal duration of this task is five days and the assigned resource is 

engaged only in 20% of the working time. 

• Activity 5: this task takes ten days in a typical case but only needs 10% of attention 

per day by the assigned resource. 
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Figure  4-12 shows the percentages of assignment of resources on these five 

activities which require the same number of hours for completion.  

 

Figure  4-12: Assignment Percentage of Resources in 5 Activities 

From Figure  4-12 the following conclusions can be drawn: 

• Activity 1 is a high-intensity task, because it has the highest designation of hours to 

resources, and is fastest in evolution. The assigned resource needs to put 100% of his 

time on this task. These types of activities are good choices for accelerating, since the 

number of resource hours directly drives the duration of such tasks and by 

designating more resource hours the duration will be shortened. 

• Activity 5 is a low-intensity task. This is a progressive development process and the 

worst choice for crashing. Due to its information dependency upon other disciplines, 

many exchanges of data are needed, and a great amount of effort must be spent to 

complete these tasks. Adding more resources to these slow-evolution tasks usually 

will not help to reduce the duration, because it has to take its own pace. It also recalls 
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the famous project management cliché, asking whether three pregnant women can 

deliver a baby in three months! The best example for such activities is 3D modeling 

tasks in the oil and gas industry. 3D modeling is a process involving mechanical, 

piping, civil and structural, electrical and automation disciplines, and requires 

extensive coordination and information from vendors and third parties, with the 

duration ranging from four months to sixteen months. Adding more resources will not 

help in faster development of the model because it still takes what is needed. The 

impact of bringing additional resources would be faster updating of the model using 

the available information, and then waiting for new information to arrive, which 

causes the resources to become idle and unproductive. Therefore, it is clear that in 

most cases, activities with high intensity are a better choice to be crashed since they 

have less dependency on other disciplines' data and inputs.  

4.6 Activity Overlapping 

Overlapping (or "Fast-Tracking") is a schedule compression technique in which 

phases or activities normally performed in sequence are performed in parallel (PMBOK, 

2008). There are a set of terms specific to overlapping as discussed below: 

4.6.1 Predecessor and Successor 

• Successor is a task that cannot start or finish until another task starts or finishes. 

• Predecessor is a task that must start or finish before another task can start or finish. 

4.6.2 Types of Activity Relationships 

There are four possible relationships between project activities as described in this 

section and shown in Figure  4-13: 
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Dependent Activities: One activity requires information from a second activity before 

the first activity can be started.  

Semi-independent: One activity requiring only partial information from other activities 

before it can begin.  

Independent activities: No information exchange between the activities.  

Interdependent activities: When a two-way information exchange between the activities 

is required before either can be completed (Bogus et al., 2005). 

 

Figure  4-13: Four Types of Activity Relationships (adapted from Prasad 1996 and 
Bogus et al. 2005) 

4.6.3 Dependency Necessity 

PMI (2008) also defines the two types of dependencies between the activities in a 

schedule as mandatory or discretionary: 

Mandatory Dependency: Mandatory dependencies (sometimes referred to as hard logic) 

are those that are contractually required or inherent in the nature of the work. Mandatory 

Independent Activities 

Activity A 

Activity B 

Dependent Activities 

Activity A 

Activity B 

Interdependent Activities 

Activity A 

Activity B 

Semi-independent Activities 

Activity A 

Activity B 



128 

 

dependencies often involve physical limitations, such as on a construction project where 

it is impossible to erect the superstructure until after the foundation has been built 

(PMBOK, 2008).  

Discretionary Dependency: Discretionary dependencies (sometimes referred to as 

"preferred logic", "preferential logic", or "soft logic") are established based on the 

knowledge of best practices within a particular application area, or some unusual aspect 

of the project where a specific sequence is desired, even though there may be other 

acceptable sequences. When fast-tracking techniques are employed, these discretionary 

dependencies should be reviewed and considered for modification or removal (PMBOK, 

2008). 

4.6.4 Activity Sequencing Types 

Generally there are four types of sequence types when linking the activities in a 

schedule network: Finish-to-Start, Finish-to-Finish, Start-to-Start and Start-to-Finish: 

Finish-To-Start (FS): The successor task cannot start until the predecessor task finishes. 

This is the most common task dependency in most schedules (Figure  4-14). 

 

Figure  4-14: Finish-to-Start Relationship 

Start-To-Start (SS): The successor task cannot start until the predecessor task starts 

(Figure  4-15). 
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Figure  4-15: Start-to-Start Relationship 

Finish-To-Finish (FF): The successor task cannot finish until the predecessor task 

finishes (Figure  4-16). 

 

Figure  4-16: Finish-to-Finish Relationship 

Start-To-Finish (SF): The successor task cannot finish until the predecessor task starts 

(Figure  4-17). This relation type is rarely used in real industrial projects. 

 

Figure  4-17: Start-to-Finish Relationship 

In addition to the relationship types, leads and lags also have to be assigned to the 

activities.  

4.6.5 Lag and Lead Times 

These relation types in projects are usually accompanied by a positive or negative 

number. This value determines an offset or delays from an activity to its successor and 

can be positive or negative. In the industry, a positive value is called "lag time" and when 
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is negative it is called "lead time". These numbers determine the duration before and after 

the predecessor activity can start or finish.  

Lag Time: is a delay between tasks that have a dependency. For example, if we need a 

two-day delay between the finish of one task and the start of another, we can establish a 

finish-to-start dependency and specify two days of lag time. Lag time is entered as a 

positive value.  

Lead Time: is overlap between tasks that have a dependency. For example, if a task can 

start when its predecessor is half finished, a finish-to-start dependency with a lead time of 

50% for the successor task can be specified. Lead time is entered as a negative value. 

4.6.6 Out-of-Sequence Concept 

When the work is completed for an activity before it is scheduled to occur it is 

called out-of-sequence progressing. In a conventional Finish-to-Start relationship, an 

activity that starts before its predecessor completes shows out-of-sequence progress. Out-

of-sequence execution of activities generally causes later changes and reworks. In this 

context, "out-of-sequence performance" and "overlapping" are used interchangeably. 

4.6.7 Overlapping Impacts in Industrial Projects 

Overlapping increases uncertainties and can result in changes, rework and extra 

costs as the successor activities must start with incomplete data. Overlapping does not 

have any visible cost at the beginning but increases the probability of waste and rework 

in the successor activity as there is a risk of change in predecessor outputs. Therefore, the 

cost of overlapping would be the cost of resources for extra time needed to complete 

necessary changes and rework due to overlapping. A decision about whether a specific 

degree of overlapping is desirable can be made on the basis of a trade-off between its 
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positive and negative impacts (Dehghan et al., 2011). Generally, it is not recommended 

to utilize excessive overlapping to compress the project duration, as this makes the 

project risky due to the potential of cost increases resulting from waste and rework.  

4.7 Combined Accelerating-Overlapping Model 

As a general rule, it is imperative to keep the extent of accelerating or overlapping 

within the range of allowable compression, to satisfy technical, quality and safety 

concerns. However, an understanding of upstream task (predecessor) evolution and 

downstream task (successor) sensitivity facilitates better identification and analysis of 

each technique's implications on schedule compression.  

If the evolution of the upstream information is slow and large changes occur close 

to the completion of the task, then it would not be worthwhile reducing the duration by 

overlapping alone, as the consequent rework will increase the duration of the successor 

task. When evolution of the information in the upstream task is very slow, the extent of 

changes will be high if the downstream task starts with preliminary information. In this 

case, finalizing upstream information early in the upstream process either would be 

impossible or would entail a substantial quality penalty for the upstream activity. 

Krishnan et al. (1997) define examples of slow evolution as when the information 

pertains to a component which (i) interfaces with several other change-prone 

components, (ii) requires information supplied by an extraneous factor that is not 

available until late in the upstream process, or (iii) involves solving a complex technical 

problem. However, if the evolution of the upstream task is quick and all major changes 

occur during the initial period of the task and only minor changes are expected to happen 

during the final stages of the activity, overlapping is preferred to reduce the duration. If 
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the information evolves quickly in the upstream activity, the information becomes 

available sooner to the downstream task and the extent of later changes will be minimal. 

In this case, upstream information becomes mature quickly and can be frozen and used 

by the downstream task without many later changes. Overlapping activities is generally 

more efficient when the upstream evolution is fast.  

There are also two extremes of downstream sensitivity: low and high sensitivity 

(Figure  4-18). Low sensitivity is the case when substantial changes in the upstream 

information can be easily adapted by the downstream activity. Sensitivity is high when 

even small changes require design iterations of a large magnitude (Krishnan et al., 1997).  

 

Figure  4-18: Extreme Values of Evolution and Sensitivity (Krishnan et al., 1997) 

Krishnan et al. (1997) realize that fast evolution of the upstream task will reduce 

rework in the downstream tasks. Roemer and Ahmadi (2004) also determined that fast 

evolution of the predecessor activity by increasing the work intensity will decrease the 

impact of rework on the successor activity. This is elaborated in a chain of overlapping 

activities in Figure  4-19. 
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Figure  4-19: Analysis of Overlapping Impact on Successor Activities (adapted from 
Roemer and Ahmadi, 2004) 

When activity A and B are overlapping in phase 1, activity B starts with 

incomplete data. This may create rework at the end of activity B. However, it is 

anticipated that the amount of rework required for activity B would be less if activity A 

completes quickly. On the other hand, fast development of activity B increases the risk of 

waste and rework in the case that the outputs of activity A turn out to be different from 

those provided at the start of B. Therefore, activity B has an incentive to work slowly 

until the inputs become firm and certain. This phenomenon is called "Delayed 

Downstream Crashing". Between activities B and C in phase 3, since activity C is waiting 

for the inputs from B, fast completion of B reduces the rework in activity C. This is 

known as "Upstream Upfront Crashing". Finally, in phase 2, when activity B is not 

overlapping with either A or C, the work intensity should be performed at maximum; that 

is, the activity should be crashed as much as possible. The reason is that at the end of the 

task there is always the tendency to delay towards a deadline (end-of-term-syndrome) so 

it would be beneficial to save as much time as possible in the middle rather than final 

stage of development, since studies shows increased work intensities in end stages will 

adversely impact total development costs. Roemer and Ahmadi (2004) reached the 

conclusion that the work intensities should increase monotonically, reach a plateau of 
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constant intensity, and decrease again towards activity completion. They also suggested a 

guideline (Figure  4-20) to be used when performing the trade-off between crashing and 

overlapping during schedule compression in product development. 
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Figure  4-20: Evolution-Sensitivity Matrix (Roemer and Ahmadi, 2004) 

Bogus et al. (2005) believe that there are two fundamental mechanisms by which 

information dependencies can be reduced or removed. First, some strategies act to speed 

up the evolution of upstream activities, thus making information available sooner to 

downstream activities. The second is to reduce the sensitivity of downstream activities to 

changes in upstream information Figure  4-21. 
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Figure  4-21: Goal of Potential Overlapping Strategies (Bogus et al., 2005) 
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Bogus et al. (2005) have also provided strategies to deal with the negative impacts 

of overlapping in different activities, as shown in Figure  4-22. 
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Figure  4-22: Basic Overlapping Strategy Framework (Bogus et al., 2005) 

The intent is to identify the efficient periods to perform crashing or substitution, 

to mitigate the negative impacts of overlapping on the successor task. Considering the 

studies noted on this topic, an educated guess is to have two ranges at which accelerating 

can be reasonably performed. The first range is at the points which assist faster evolution 

of upstream activity, and accelerate the provision of enough information, allowing the 

downstream task to start with adequate information, without later compromise of quality 

as shown in Figure  4-23. The second instance is after the activities are overlapped, and 

accelerating can then be used to mitigate the impacts of rework by shortening the 

successor task duration after final information is received. Nevertheless, in the period 

from receipt of preliminary information to receipt of final information, accelerating is not 

recommended, especially for upstream slow evolution tasks, as this creates more rework 

for the downstream task. This technique enables utilizing combined crashing, substitution 
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and overlapping practices in any given tasks more effectively with minimum risk of 

rework and reasonable cost of crashing.  

 

Figure  4-23: Efficient Alternatives for Crashing 

4.8 Developed Accelerating-Overlapping Trade-Off Heuristic Method 

The purpose of this study is to propose a new methodology to determine the 

optimum degree of accelerating and overlapping among the project activities, to maintain 

a reasonable trade-off between time saving and the cost of schedule compression. As 

discussed earlier, solely performing activity accelerating adds direct cost to the project. 

Too much overlapping means adding the risk of rework to the project resulting from 

change in the input data and information. This topic is very important since today's 

massive, complex mega-projects with thousands of schedule activities mandate having a 

reliable algorithm to recommend the extent to which activities should be overlapped 

and/or accelerated to obtain the maximum time saving with minimum cost increase. 

Research literature is currently lacking a solid connection between the two major 

schedule compression techniques: in fact, the only studies done on this subject are those 

performed by Roemer and Ahmadi (2004) and Gerk and Qassim (2008), which have their 

own limitations as discussed earlier in Chapter Two.  
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This study is proposing a new heuristic methodology to determine the optimum 

degree of accelerating and overlapping among the project activities by trade-off between 

time saving and the cost of schedule compression (Hazini et al., 2013). This algorithm is 

suitable for networks with a limited number of activities. The introduced heuristic 

algorithm (Figure  4-24) formulates the schedule compression process by connecting the 

major accelerating and overlapping theories and maintaining a balance between their 

impacts. It is also capable of functioning in multi-predecessor/successor environment 

using four types of relationships; Finish-to-Start (FS), Finish-to-Finish (FF), Start-to-

Finish (SF) and Start-to-Finish (SS).  

First, cost/time slopes for all activities available for overlapping and accelerating 

are calculated. The critical path is not fixed, and by conducting this exercise it is likely 

that the critical path will change; thus this information is required for all activities. Next, 

all critical activities are identified and the activity with the lowest cost/time slope is 

selected to be accelerated or overlapped. If two activities are overlapped, the amount of 

rework to the successor task is added, as well. Then the project duration is calculated to 

see the effect on the total project. If the project duration is reduced, this means the project 

has only one critical path. The compressed amount is expected to be the accelerated or 

overlapped duration minus the overlapping rework duration added to the successor task. 

The assumption in this algorithm is that rework duration cannot be equal to or more than 

the overlapping duration. Research studies in the literature show the rework amount is 

usually in the range of 5–30% of the overlapped amount (Dehghan and Ruwanpura, 

2011). If the project duration is not reduced, this means there are other critical paths 

which need to be identified and compressed. This is important to investigate, in order to 
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consider all possible combinations of compression in critical activities to reduce the 

project duration. Each of these combinations becomes a compression alternative, and the 

strategy with the lowest combined cost is the most desirable. The combined compression 

cost is the sum of all overlapping or accelerating costs at that point. After identification of 

the best alternative task(s) to be paired with the initial task, this strategy is applied and 

the project total duration is calculated. The next step is to calculate the compression 

cost/time slope, which is the total compression cost over the reduced total project 

duration. A check is needed to ensure whether other combinations are available that offer 

the same amount of compression with less cost. If there are no other alternatives, this 

strategy is applied. This process is iterated until the intended project duration is met. 
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Figure  4-24: Proposed Accelerating-Overlapping Cost-Time Trade-Off Algorithm 
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At the end of the process it will be observed that some activities are overlapped, 

some activities are accelerated and some activities are both accelerated and overlapped. 

This algorithm can be considered a heuristic method for determining time-cost trade-off 

in schedules using both accelerating and overlapping techniques, and the results will 

determine the extent to which these techniques should be incorporated in any given 

activity or pair of activities in a project. The extension to this algorithm is to formulate 

the problem in order to take into account the benefit of each time-unit saving in the total 

project, and perform a schedule compression cost-benefit analysis in projects. This gives 

project managers a tool to calculate and analyze the costs and benefits of each degree of 

schedule compression and determine the optimum point at which schedule compression 

brings maximum benefit.  

4.9 Formulating Time-Cost Trade-Off Problem 

Formulation of the combined accelerating and overlapping time-cost trade-off is 

important to determine whether schedule compression brings loss or benefit to the project 

at each step. Since the benefits of schedule compression will be brought into this equation 

as well, this process is aimed at maximizing the compressing benefits and minimizing 

project duration. As discussed earlier, the cost of schedule compression consists of the 

cost of accelerating and overlapping. When a project has m number of activities: 

;<3 =  = ;<3>
?

>@�
 [ 4.15] 

Cost of accelerating is the total of the crashing cost and the substitution cost. The 

cost of crashing includes the cost of higher overtime and extended work hours rates, loss 
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of productivity, more supervision and coordination. The cost of substitution includes the 

cost of alternate methodology, software, hardware, etc. Therefore; 

;<3 = ;3A +  ;2B [ 4.16] 

This means the total cost of accelerating in a project with m activities will be: 

;<3 =  =(;3A> +  ;2B>)
?

>@�
 [ 4.17] 

The other cost component is overlapping cost: 

;CD = =  = ;CD[>,F]
G

F@�

?

>@�
 [ 4.18] 

The cost of overlapping is the cost of rework to the successor task, plus a constant value 

of the cost of any waste imposed to successor tasks due to overlapping, etc. Therefore: 

;CD = =  =(H;CD[>,F]
G

F@�
+  I;CDF)

?

>@�
 [ 4.19] 

We can change this to: 

;CD = =  =[(H1CD[>,F] × JH)
G

F@�
+  I;CDF]

?

>@�
  [ 4.20] 

The total cost of schedule compression would be the total cost of accelerating and 

overlapping: 

;23 = ;<3 +  ;CD [ 4.21] 

This can be rewritten as: 

;23 =  =(;3A> +  ;2B>)
?

>@�
+  =  =[(H1CD[>,F] × JH)

G

F@�
+  I;CDF]

?

>@�
 [ 4.22] 

Where 



142 

 

m ≠ n ≥ 1 to distinguish between the predecessor and successor tasks 

i = index denoting predecessor task 

j = index denoting successor task 

The other side of the equation is the benefit or loss of schedule compression. The benefits 

of schedule compression include the daily benefit of saving indirect costs, daily incentive 

amounts for early completion according to the project contract, daily benefits of new 

opportunities obtainable because of early completion and benefits of gaining reputation 

for timely completion of the project. This is normally calculated by senior management 

as a monetary value for each day of early completion. The cost of delays is the cost of 

any penalty in the contract, the cost of loss of reputation and addition of more daily 

indirect cost. These also can be calculated by senior management as a fixed monetary 

value for each day of late completion compared to the project target date. Thus: 

K23 = L(1MA −  123)  × KNO, 1MA > 123
0, 1MA ≤ 123

R [ 4.23] 

and 

;S =  L(123 −  1MA) ×  ;DO, 123 > 1MA
0, 123 ≤ 1MA

R [ 4.24] 

Therefore, the net benefit/loss of schedule compression would be: 

Net Benefit of Schedule Compression = BSC – (CSC + CD) [ 4.25] 

When the total benefit becomes positive, the schedule compression strategy is 

valuable to the project since the project duration is reduced while earning benefit. If the 

total benefit becomes negative, however, this means the schedule compression strategy is 

not appropriate and the project is better off not compressing the schedule using this 

strategy. 
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4.10 Case Study 

In this section, the researcher incorporates the developed heuristic method in a 

simple case study to present its effectiveness. In the case study, a simple hypothetical 

schedule network is used, consisting of seven activities and nine relationships with the 

normal durations for each task as shown in Figure  4-25. This schedule has been used 

previously by Dehghan et al. (2011) to validate the findings of their overlapping research 

study. Using the same schedule network from the previous study enables us to benchmark 

the proposed algorithm and determine process improvements from sole-overlapping 

research. The normal duration for this project with no schedule compression is 110 days, 

and the client wishes to compress the schedule so that the project finishes in fewer than 

100 days. Management estimated there would be a $1000 benefit for each day of 

finishing the project earlier than 110 days, which includes client-paid incentives for each 

day of early completion as well as saving daily indirect costs.  

 

Figure  4-25: Sample Schedule Network (adapted from Dehghan et al., 2011) 

Table  4-5 shows the possible accelerating (crashing) inputs for each task, cost, 

and possible productivity loss due to crashing. However, to simplify the process for this 

heuristic algorithm, all activities in this project are assumed capable of being accelerated 
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Table  4-5: Sample Network Crashing Inputs 

Activity 
ID 

Normal 
Duration 

(Days) 

Normal M/H 
Required 
(Hours) 

Max. 
Accelerated 

Duration 
(Days) 

Max. 
Accelerating 
Productivity 

Loss Factor (%) 

Labour Hour 
Rate ($/h) 

1 36 288 30 15.0% $110.0 

2 30 240 25 10.0% $110.0 

3 28 224 20 10.0% $110.0 

4 48 384 40 20.0% $110.0 

5 22 176 15 17.0% $110.0 

6 24 192 19 15.0% $110.0 

7 20 160 15 20.0% $110.0 

As an example using Table  4-5 information: if activity 1 is accelerated by one 

day, the calculation of accelerating cost, resulting from more hours to cover the 

productivity loss, is as follows: 

Accelerating Cost = (Accelerated Duration ÷ Max. Accelerating Duration) × 

Max. Productivity Loss Factor% × Normal M/h Required × Labor Hours Rate [ 4.26] 

Therefore, the cost of accelerating activity 1 (by 1 day) is:  

Accelerating Cost = (1 ÷ 6) × 15% × 288 × $110 = $792.0 

In addition to accelerating, activities in this case study can be overlapped too. The 

minimum and maximum allowed overlapping, as well as hypothetical rework and cost 

functions defined for each degree of overlapping, are presented in Table  4-6. For the sake 

of the example, arbitrary overlapping cost and rework figures were used. These figures 

are derived from functions introduced by Dehghan et al. (2011). Dehghan et al. (2011) 

explain that although the case study's functions have been selected arbitrarily and do not 

necessarily reflect any specific real project, they are in compliance with the result of 

interviews, literature review, and facts and figures extracted specifically from the design 

phase of oil and gas projects. This means that:  
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1. The rework ranges are between 5%–30% of overlapping durations.  

2. The cost values have a linear relation with rework durations (therefore, cost functions 

are ultimately a function of overlapping durations). 

Table  4-6: Sample Network Overlapping Inputs 

Act. 
ID 

Predecessor 
Activity 

Relation Type 

Min. 
Lead 
Time 

(Days) 

Max. 
Lead 
Time 

(Days) 

Rework 
Function 

(Days) 

Overlapping 
Cost Function 

($/day) 

1 - - - - - - 

2 1 Finish-to-Start 0 17 R12= 0.2L12 C12= 900R12 

3 1 Finish-to-Start 0 10 R13= 0.1L13 C13= 850R13 

4 1 Start-to-Start 19 36 R14= 0.15L14 C14= 1050R14 

5 2 Finish-to-Start 0 22 R25= 0.3L25 C25= 800R25 

6 
2 Finish-to-Start 0 20 R26= 0.25L26 C26= 1000R26 

3 Finish-to-Start 0 16 R36= 0.2L36 C36= 1000R36 

7 

4 Finish-to-Finish 8 20 R47= 0.15L47 C47= 950R47 

5 Finish-to-Start 0 15 R57= 0.05L57 C57= 950R57 

6 Finish-to-Start 0 6 R67= 0.25L67 C67= 950R67 

 

As an example using Table  4-6 information: if activity 1 is overlapping with 

activity 2 by the amount of 1 day, overlapping rework and cost calculation would be as 

follows: 

Rework Duration (R1-2) = 0.2 × 1 = 0.2 day 

Rework Cost (C1-2) = $900 × 0.2 = $180 

Cost/Time Slope = $180 ÷ 0.8 = $225 

Using the inputs in Table  4-5 and Table  4-6, and assuming activities in this 

sample network are only allowed to be accelerated and overlapped to a maximum to three 

days, the cost/time slope for each activity in each compression technique can be 
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calculated as shown in Table  4-7. Cost/time slope in accelerating is the same as its cost 

because there is no rework associated with accelerating. However, in overlapping due to 

the resulted rework, cost/time slopes are different. Although, cost/time slope is used to 

compare various compression alternatives, actual cost of overlapping is considered to 

calculate the compression cost. 

Table  4-7: Schedule Compression Techniques Attributed Cost & Time Figures 

Compression 
Technique* 

Cumulative Cost ($) 
Cumulative Rework 

(Days) 
Cost/Time Slope ($) 

1 day 2 days 3 days 1 day 2 days 3 days Day 1st Day 2nd Day 3rd 

AC-1 $792.0 $1,584.0 $2,376.0 0 0 0 $792.0 $792.0 $792.0 

AC-2 $528.0 $1,056.0 $1,584.0 0 0 0 $528.0 $528.0 $528.0 

AC-3 $308.0 $616.0 $924.0 0 0 0 $308.0 $308.0 $308.0 

AC-4 $1,056.0 $2,112.0 $3,168.0 0 0 0 $1,056.0 $1,056.0 $1,056.0 

AC-5 $470.2 $940.3 $1,410.5 0 0 0 $470.2 $470.2 $470.2 

AC-6 $633.6 $1,267.2 $1,900.8 0 0 0 $633.6 $633.6 $633.6 

AC-7 $704.0 $1,408.0 $2,112.0 0 0 0 $704.0 $704.0 $704.0 

OL1-2 $180.0 $360.0 $540.0 0.2 0.4 0.6 $225.0 $225.0 $225.0 

OL1-3 $85.0 $170.0 $255.0 0.1 0.2 0.3 $94.4 $94.4 $94.4 

OL1-4 $157.5 $315.0 $472.5 0.15 0.3 0.45 $185.3 $185.3 $185.3 

OL2-5 $240.0 $480.0 $720.0 0.3 0.6 0.9 $342.9 $342.9 $342.9 

OL2-6 $250.0 $500.0 $750.0 0.25 0.5 0.75 $333.3 $333.3 $333.3 

OL3-6 $200.0 $400.0 $600.0 0.2 0.4 0.6 $250.0 $250.0 $250.0 

OL4-7 $142.5 $285.0 $427.5 0.15 0.3 0.45 $167.6 $167.6 $167.6 

OL5-7 $47.5 $95.0 $142.5 0.05 0.1 0.15 $50.0 $50.0 $50.0 

OL6-7 $237.5 $475.0 $712.5 0.25 0.5 0.75 $316.7 $316.7 $316.7 

* AC stands for Accelerating and OL stands for Overlapping 

The objective is to perform the analysis by means of the introduced heuristic 

algorithm and see whether reducing the project duration to less than 100 days is 

beneficial to the project or not. The steps of this analysis are shown in Figure  4-26. 
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Step# 1: Overlapping Tasks# 1-2 

 
 
 
 
Step# 2: Overlapping Tasks# 1-2 

 
 
 
 
Step# 3: Overlapping Tasks# 1-2 & Tasks# 1-3 
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Step# 4: Overlapping Tasks# 6-7 

 
 
 
 
Step#5: Overlapping Tasks# 6-7 

 
 
 
 
Step# 6: Overlapping Tasks# 5-7 & Tasks# 6-7 
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Step# 7: Overlapping Tasks# 1-3 & Tasks 2-6 & Tasks# 5-7 

 
 
 
 
Step# 8: Overlapping Tasks# 1-3 & Tasks 2-6 & Tasks# 5-7 

 
 
 
 
Step# 9: Accelerating Task# 7 
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Step# 10: Accelerating Task# 7 

 
 
 
 
Step# 11: Accelerating Task# 7 

 
 
 
 
Step# 12: Accelerating Task# 1 
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Step# 13: Accelerating Task# 1 

 
 
 
 
Step# 14: Accelerating Task# 1 

 
 
 
 
Step# 15: Accelerating Task# 2 & Overlapping Tasks# 1-4 & Tasks# 3-6 

 
 
 

1 
(33 days) 

3 
(28.3 days) 

4 

(48.15 days) 

6 

(24.7 days) 

7 
(17.9 days) 

2 

(29.6 days) 

5 
(22 days) 

FS-2 

97.2 Days 

SS+32

FS-3 

FS-3 

FS 

FS-3 

FS-3 

FF+17 

FS-1 

1 

(33 days) 

3 

(28.3 days) 

4 

(48 days) 

6 

(24.5 days) 
7 

(17.9 days) 

2 
(30.6 days) 

5 
(22 days) 

FS-2 

98.0 Days 

SS+33* 

FS-3 

FS-3 

FS 

FS-3 

FS-3 

FF+17 

FS 

* Lag is adjusted to keep overlapping degree unchanged. 

1 

(34 days) 

3 

(28.3 days) 

4 

(48 days) 

6 

(24.5 days) 
7 

(17.9 days) 

2 
(30.6 days) 

5 
(22 days) 

FS-2 

99.0 Days 

SS+34* 

FS-3 

FS-3 

FS 

FS-3 

FS-3 

FF+17 

FS 

* Lag is adjusted to keep overlapping degree unchanged. 
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Step# 16: Accelerating Task# 2 & Overlapping Tasks# 1-4 & Tasks# 3-6 

 
 
 
 
Step# 17: Accelerating Task# 2 & Overlapping Tasks# 1-4 & Tasks# 3-6 

 
 
 
 
Step# 18: Accelerating Task# 3 & Overlapping Tasks# 2-6 & Tasks# 4-7 
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Step# 19: Accelerating Task# 6 & Overlapping Tasks# 2-5 & Tasks# 4-7 

 
 
 
 
Step# 20: Accelerating Task# 6 & Overlapping Tasks# 2-5 

 
 
 
 
Step# 21: Accelerating Task# 6 & Overlapping Tasks# 2-5 & Tasks# 4-7 
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Step# 22: Accelerating Task# 4 & Task# 5 

 
Figure  4-26: Schedule Compression Steps in Case Study 

After twenty two iterations (Figure  4-26) using the algorithm explained in Figure 

 4-24 and formulations in equations [ 4.15] through [ 4.25], the project duration reached 

92.3 days. Calculations for each compression step are shown in Table  4-8. 

Table  4-8: Results of Combined Accelerating/Overlapping Time-Cost Trade-Off 

Step 
Used 

Compression 
Technique(s) 

Accelerating 
or 

Overlapping 
Cost/Time 
Slope ($) 

Total 
Project 

Duration 
(Days) 

Project 
Time 

Saving 
(Days) 

Benefit of 
Early 

Completion 
($1000/day) 

Schedule 
Compression 
Cumulative 

Cost ($) 

Schedule 
Compression 
Net Benefit 

($) 

0 - $0.0 110.0 - $0.0 $0.0 $0.0 

1 OL1-2 $180.0 109.2 0.8 $800.0 $180.0 $620.0 

2 OL1-2 $180.0 108.4 1.6 $1,600.0 $360.0 $1,240.0 

3 
OL1-2 & 
OL1-3 

$265.0 107.6 2.4 $2,400.0 $625.0 $1,775.0 

4 OL6-7 $237.5 106.85 3.2 $3,150.0 $862.5 $2,287.5 

5 OL6-7 $237.5 106.1 3.9 $3,900.0 $1,100.0 $2,800.0 

6 
OL5-7 & 
OL6-7 

$285.0 105.4 4.6 $4,600.0 $1,385.0 $3,215.0 

7 
OL1-3 & 
OL2-6 & 
OL5-7 

$382.5 104.7 5.3 $5,300.0 $1,767.5 $3,532.5 

8 
OL1-3 & 
OL2-6 & 
OL5-7 

$382.5 104.0 6.0 $6,000.0 $2,150.0 $3,850.0 

9 AC-7 $704.0 103.0 7.0 $7,000.0 $2,854.0 $4,146.0 

10 AC-7 $704.0 102.0 8.0 $8,000.0 $3,558.0 $4,442.0 

11 AC-7 $704.0 101.0 9.0 $9,000.0 $4,262.0 $4,738.0 
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(33 days) 
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(27.3 days) 

4 

(47.45 days) 

6 

(22.35 days) 
7 

(18.35 days) 

2 
(27.6 days) 

5 

(21.9 days) 

FS-3 

92.3 Days 

SS+30 

FS-3 

FS-3 

FS-3 

FS-3 

FS-3 

FF+14 

FS-3 
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Step 
Used 

Compression 
Technique(s) 

Accelerating 
or 

Overlapping 
Cost/Time 
Slope ($) 

Total 
Project 

Duration 
(Days) 

Project 
Time 

Saving 
(Days) 

Benefit of 
Early 

Completion 
($1000/day) 

Schedule 
Compression 
Cumulative 

Cost ($) 

Schedule 
Compression 
Net Benefit 

($) 

12 AC-1 $792.0 100.0 10.0 $10,000.0 $5,054.0 $4,946.0 

13 AC-1 $792.0 99.0 11.0 $11,000.0 $5,846.0 $5,154.0 

14 AC-1 $792.0 98.0 12.0 $12,000.0 $6,638.0 $5,362.0 

15 
AC-2 & 
OL1-4 & 
OL3-6 

$885.5 97.2 12.8 $12,800.0 $7,523.5 $5,276.5 

16 
AC-2 & 
OL1-4 & 
OL3-6 

$885.5 96.4 13.6 $13,600.0 $8,409.0 $5,191.0 

17 
AC-2 & 
OL1-4 & 
OL3-6 

$885.5 95.6 14.4 $14,400.0 $9,294.5 $5,105.5 

18 
AC-3 & 
OL2-6 & 
OL4-7 

$700.5 95.0 15.0 $15,000.0 $9,995.0 $5,005.0 

19 
AC-6 & 
OL2-5 & 
OL4-7 

$1,016.1 94.15 15.85 $15,850.0 $11,011.1 $4,838.9 

20 
AC-6 & 
OL2-5 

$873.6 93.45 16.55 $16,550.0 $11,884.7 $4,665.3 

21 
AC-6 & 
OL2-5 & 
OL4-7 

$1,016.1 92.85 17.15 $17,150.0 $12,900.8 $4,249.2 

22 
AC-4 & 
AC-5 

$1,526.2 92.30 17.7 $17,700.0 $14,427.0 $3,273.0 

 

As is evident, compressing in steps 1 to 14 raises the project's net benefit, until the 

maximum net benefit reaches $5,362. After this point a decline in the benefit is seen and 

maximum compression is obtained after 22 steps with the duration of 92.3 days. Figure 

 4-27 shows the schedule compression time-benefit trade-off curve with the optimum 

point of compression occurring at 98.0 days.  
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Figure  4-27: Schedule Compression Net Benefit Graph 

4.11 Optimization Algorithm Selection Criteria 

Because of the working procedure of some optimization algorithms, the solutions 

obtained from the heuristic method often tend to be stuck at a good approximation and do 

not guarantee identification of optimal trade-offs. For this reason, the researcher decided 

to research the development of a more advanced optimization algorithm to ensure it can 

find a close-to-global solution in the search space. Evolutionary algorithms are a good fit 

for this purpose as they are characterized by a population of solution candidates, and the 

reproduction process enables the combination of existing solutions to generate better 

solutions. Figure  4-28 shows a simple flow diagram of Evolutionary Algorithms iteration.  

$0.0 

$1,000.0 

$2,000.0 

$3,000.0 

$4,000.0 

$5,000.0 

$6,000.0 

90.0 92.0 94.0 96.0 98.0 100.0 102.0 104.0 106.0 108.0 110.0 

C
o

m
p

re
ss

io
n

 N
et

 B
en

ef
it

 (
$

)

Duration (Days)

Total Project Duration (Days)

98 days  
$5,362 



157 

 

 

Figure  4-28: Flowchart of Evolutionary Algorithm Iteration (Abraham et al., 2005) 

As shown in Figure  4-28, evolutionary optimization techniques share a common 

procedure: 

1. generation of an initial population on a random basis 

2. evaluation of a fitness function which reflects the distance to the optimum solution 

3. reproduction of the population based on fitness values 

4. stopping if requirements are met, otherwise continuing the process 

More explanations about the various applicable optimization techniques, the selected 

optimization algorithm, and its implementation, are provided in Chapter Five. 

  

Start 
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Solution 
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Reproduction Stop 
No Yes 
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Chapter Five: Accelerating-Overlapping Optimization Algorithm and Computer 
Implementation 

This chapter discusses the relevant evolutionary optimization techniques in the 

literature and the reasons underlying the selected optimization technique. The selected 

technique has been also implemented on a computer tool to solve the hypothetical 

problem presented in Chapter Four and a case study project in Chapter Six. 

5.1 Optimization and Applicable Techniques 

Optimization is the task of finding one or more solutions which correspond to 

minimizing (or maximizing) one or more specified objectives and which satisfy all 

constraints. A single-objective optimization problem involves a single objective function 

and usually results in a single solution, called an "optimal solution". On the other hand, a 

multi-objective optimization task considers several conflicting objectives simultaneously. 

In such a case, there is usually no single optimal solution, but a set of alternatives with 

different trade-offs, called "Pareto-optimal solutions", or "non-dominated solutions". 

Despite the existence of multiple Pareto-optimal solutions, in practice usually only one of 

these solutions is to be chosen. Thus, compared to single objective optimization 

problems, in multi-objective optimization there are at least two equally important tasks: 

an optimization task for finding Pareto optimal solutions (involving a computer-based 

procedure) and a decision-making task for choosing a single most preferred solution. The 

latter typically necessitates preference information from a decision-maker (Branke et al., 

2008). As shown in Figure  5-1, a solution could be best, worst and also indifferent to 

other solutions (neither dominating nor dominated) with respect to the objective values. 

The best solution is one that is not worst in any of the objectives and best in at least one 
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objective. An optimal solution is the solution that is not dominated by any other solution 

in the search space. Such an optimal solution is called "Pareto-optimal" and the entire set 

of such optimal trade-offs solutions is called a Pareto-optimal set. As is evident, in a real-

world situation a decision-making (trade-off) process is required to obtain the optimal 

solution. Even though there are several ways to approach a multi-objective optimization 

problem, most work is concentrated on the approximation of the Pareto set (Abraham et 

al., 2005). 

 

Figure  5-1: Concept of Pareto Optimality (adapted from Abraham et al., 2005) 

Due to the conflicting nature of cost versus time in compressing a project 

schedule, in this research an evolutionary multi-objective optimization technique is used 

for performing a time-cost trade-off. Abraham et al. (2005) believe the main challenge in 

a multi-objective optimization environment is to minimize the distance of the generated 
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solutions to the Pareto set and to maximize the diversity of the developed Pareto set. A 

good Pareto set may be obtained by appropriate guiding of the search process through 

careful design of reproduction operators and fitness assignment strategies. To obtain 

diversification, special care has to be taken in the selection process to prevent non-

dominated solutions from being lost. A number of optimization techniques can be used to 

generate the Pareto set. Because of the working procedure of these algorithms, the 

solutions obtained very often tend to be stuck at a good approximation and they are not 

guaranteed to identify optimal trade-offs (Abraham et al., 2005). An evolutionary 

algorithm is characterized by a population of solution candidates, and the reproduction 

process enables the combination of existing solutions to generate new solutions. This 

enables the discovery of several members of the Pareto-optimal set in a single run instead 

of performing a series of separate runs, which is the case for some of the conventional 

stochastic processes. Finally, natural selection determines which individuals of the 

current population participate in the new population. 

Figure  5-2 marks the Pareto-optimal set with continuous curves for four different 

scenarios with two objectives. Each objective can be minimized or maximized. In the top 

left figure, the task is to minimize both objectives f1 and f2. The solid curve marks the 

Pareto-optimal solution set. If f1 is to be minimized and f2 is to be maximized for a 

problem having the same search space, the resulting Pareto-optimal set is different and is 

shown in the top-right figure. Here, the Pareto-optimal set is a union of two disconnected 

Pareto-optimal regions. Similarly, the Pareto-optimal sets for two other cases, 

(maximizing f1, minimizing f2) and (maximizing f1, maximizing f2), are also shown in the 

bottom-left and bottom-right figures, respectively. In any case, the Pareto-optimal set 
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always consists of solutions from a particular edge of the feasible search region (Deb, 

2006). 

 

Figure  5-2: Pareto-Optimal Solutions for Combinations of Two Types of Objectives 
(Deb, 2006) 

Branke et al. (2008) believe multi-objective optimization consists of three phases:  

i. Model building 

ii. Optimization 

iii. Decision-making (preference articulation).  

Converting a multi-objective optimization problem into a simplistic single 

objective problem puts decision-making before optimization; that is, before alternatives 

are known. Articulating preferences without a good knowledge of alternatives is difficult, 

and thus the resulting optimum may not correspond to the solution the user would have 

selected from the set of Pareto-optimal solutions. Treating the problem as a true multi-

objective problem means putting the preference articulation stage after optimization, or 
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interlacing optimization and preference articulation. This will help the user gain a much 

better understanding of the problem and the available alternatives, thus leading to a more 

conscious, and better, choice. Furthermore, the resulting multiple Pareto-optimal 

solutions can be analyzed to learn about interdependencies among decision variables, 

objectives, and constraints. Such knowledge about interactions can be used to redefine 

the model of the optimization problem to get solutions that, on the one hand, correspond 

better to reality, and, on the other hand, satisfy better the decision-maker's preferences 

(Branke et al., 2008). 

It is rarely the case that a single point simultaneously optimizes all the objective 

functions of a multi-objective optimization problem. Therefore, when dealing with multi-

objective optimization problems, researchers normally look for "trade-offs" rather than 

single solutions. A trade-off is an exchange; that is, a loss in one aspect of the problem in 

order to gain additional benefit in another aspect. In this multi-objective optimization, a 

trade-off represents giving up in one of the objectives (cost), which allows the 

improvement of another objective (time). This means the decision-maker must give up of 

a certain objective in order to improve another one by a certain amount. One distinction 

should be also made: a trade-off can measure the change in one objective in relation to 

the change in another one, when moving from one feasible solution to another (so called 

"objective" trade-off). On the other hand, a trade-off can also measure how much the 

decision-maker considers desirable to sacrifice in the value of one objective function in 

order to improve another objective to a certain quantity (or "subjective" trade-off). Both 

concepts may be used within an interactive scheme in order to move from a Pareto 

optimal solution to another (Branke et al., 2008). 



In this particular PhD research, the conflicting objectives are time and cost of 

schedule compression in projects. However, since the benefit of schedule compression is 

also considered and analyzed, the objective is 

minimize the duration. The Pareto 
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In this particular PhD research, the conflicting objectives are time and cost of 

schedule compression in projects. However, since the benefit of schedule compression is 

and analyzed, the objective is changed to maximize the benefit and 

minimize the duration. The Pareto optimal solutions for this time-cost trade

as shown in Figure  5-3. 

: Schematic Pareto Optimal Solutions for Time-Cost Trade

Figure  5-3 are the feasible solutions to this problem, a decision

maker will be better off picking one from the Pareto optimal solutions

a solution from the middle and priority is to maximize the benefit, there 

one solution with higher benefit and the same duration

. On the other hand, if the decision-maker's first priority is 

picks a solution in the middle, there can be a better solution with 

shorter duration while keeping the same benefit. Therefore, it would be 

select an appropriate solution from the frontier. 
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In this particular PhD research, the conflicting objectives are time and cost of 
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A time-cost trade-off for this problem can mainly be done in two ways: 

1. Maximizing the benefit: If the intent is to maximize the benefit, all solutions in the 

generated population will be optimized to move from the bottom of the search area to 

the top by keeping duration constant, as shown by arrow 1 in Figure  5-4. 

2. Minimizing the duration: A second scenario could be minimizing the duration and 

keeping schedule compression benefit constant. This is shown by arrow 2 in Figure 

 5-4. 

 

Figure  5-4: Optimizing Solutions to Minimize Duration or Maximize Benefit 

When the intent is to maximize the benefit and minimize the duration 

simultaneously, generated solutions in the search space are optimized to move from 

bottom-right to the top-left side of the area as shown by arrow 3 in Figure  5-5. 
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Figure  5-5: Optimizing Solutions to Minimize Duration and Maximize Benefit 

To solve such problems, algorithms may be used that terminate in a finite number 

of steps, or iterative methods that converge to a solution, or heuristics that may provide 

approximate solutions. The most famous evolutionary methods which are able to provide 

approximate solutions to time-cost trade-off optimization problems are Particle Swarm 

Optimization (Kennedy and Eberhart, 1995), Ant Colony Optimization (Colorni et al., 

1991), and Genetic Algorithm (Holland, 1975). 

5.1.1 Particle Swarm Optimization (PSO) 

PSO is an optimization technique developed by Kennedy et al. (2002), inspired by 

the paradigm of birds flocking. It is similar to evolutionary algorithms in the population 

generation phase, in that the initialization is done with a swarm of random particles. PSO 

is very popular because of the simplicity of its implementation, as it requires only the 

tuning of a few parameters. As the core updating mechanism in the algorithm relies only 

on two simple PSO self-updating equations, the process of updating the individuals per 
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iteration is faster than the computationally expensive reproduction mechanism using 

mutation or cross-over operations in typical evolutionary algorithms (Abraham et al., 

2005).  

Particle swarm optimization evolved from an analogy drawn with the collective 

behaviour of animal movements. For certain groups of animals, such as fish schools, 

dynamic behaviour in relatively complex movements can be observed, where the 

individuals themselves have access only to limited information such as the position and 

the speed of their closer neighbours. For example, it can be observed that a fish school is 

collectively able to avoid a predator in the following manner: initially it gets divided into 

two groups, then the original school is reformed (Figure  5-6), while maintaining the 

cohesion among the school. In summary, each individual uses local information 

regarding the displacement of his closer neighbours, which are reachable by him, to 

decide on his own displacement. Very simple rules like "remain relatively close to the 

other individuals", "go in the same direction", "keep the same speed" and so forth are 

good enough to maintain the cohesion among the entire group, and to allow complex and 

adaptive collective behaviours (Dreo et al., 2003). 
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Figure  5-6: A Schematic of a Fish School avoiding a Predator. (a) the school forms 
only one group, (b) the individuals avoid the predator by forming a "fountain-like" 

structure, (c) the school is reformed (Dreo et al., 2003) 

PSO consists of a large group of particles in the form of vectors moving in the 

search space. Each particle (i) is characterized by its position (Xi) and a vector of change 

in position or so called velocity (Vi). In each run, the movement of the particle can be 

formulated as:  

Xi(t) = Xi (t−1) + Vi (t−1)    [ 5.1] 

Movements of the individuals are influenced by their last behaviour and their 

neighbours. Therefore, updates of the position of the particles are dependent on the 

direction of their movement, their speed, the best preceding position (Pi) and the best 

position (Pg) among the neighbours: 

Xi(t) = f (Xi(t − 1), Vi(t − 1), Pi, Pg)    [ 5.2] 

The change in position is implemented in each run according to the following 

equations: 

Vi(t) = Vi(t − 1) + ϕ1 (Pi − Xi(t − 1)) + ϕ2 (Pg − Xi(t − 1))    [ 5.3] 

Xi(t) = Xi(t − 1) + Vi(t − 1) [ 5.4] 
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Where the ϕn parameters are drawn randomly from the discourse U[0,ϕmax] and are 

influential in striking a balance between the relative roles of the individual experience 

(governed by ϕ1) and of social communication (governed by ϕ2). Uniform random 

selection of these two parameters ensures that the two sources of information are equally 

important (Dreo et al., 2003). 

5.1.2 Ant Colony Optimization (ACO) 

The Ant Colony Optimization (ACO) approach, proposed by Colorni et al. 

(1991), endeavors to simulate the collective capability to solve certain problems observed 

in a colony of ants, whose members are individually equipped with very limited abilities. 

The inspiring source of ACO is the behavior of real ants. When searching for food, ants 

initially explore the area surrounding their nest in a random manner. As soon as an ant 

finds a food source, it evaluates the quantity and the quality of the food and carries some 

of it back to the nest. During the return trip, the ant deposits a chemical pheromone trail 

on the ground. The quantity of pheromone deposited, which may depend on the quantity 

and quality of the food, will guide other ants to the food source. Indirect communication 

between the ants via pheromone trails enables them to find shortest paths between their 

nest and food sources (Figure  5-7). This characteristic of real ant colonies is exploited in 

artificial ant colonies in order to solve optimization problems (Socha and Blum, 2006).  
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Figure  5-7: Faculty of an Ant Colony to find the Shortest Path (Dreo et al., 2003) 

The entomologists analyzed the collaboration which is established between the 

ants in seeking food outside the anthill. It is remarkable that the ants always follow the 

same path, and that this path is the shortest possible one. The ant colony algorithms have 

several other interesting characteristics:  

• high intrinsic parallelism, 

• flexibility, as a colony of ants is able to adapt to modifications of the environment, 

• robustness, as a colony is ready to maintain its activity even if some individuals are 

failing, 

• decentralization, as a colony does not obey a centralized authority,  

• self-organization, as a colony finds itself a solution which is not known in advance.  

For each ant, the passage from a town i to a town j depends on the following three 

components: the tabu list, visibility, and trails of virtual pheromones. The tabu list (ant 

memory) is a data structure that saves the list of the towns already visited, which should 
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not be visited again. This list grows in size during the tour and is set at zero at the start of 

each iteration of the algorithm. Jik is the list of towns yet to be visited by the ant k located 

in the town i. It is clear that Jik is the complement of the tabu list. Visibility is a quantity 

reciprocal to the distance:  

ηij = 1 / Dij [ 5.5] 

Where Dij is the distance between the towns i and j.  

Visibility is a local static value reflecting the heuristic desire to move to the town 

j from the town i: the closer the town, the stronger the desire to visit it.  

The trail of virtual pheromones on the edge i–j is the desire based on the 

experience of the colony to move to the town j from i. Unlike visibility, the distribution 

of the pheromones is changed after each iteration, reflecting the experience gained by the 

ants. The number of virtual pheromones on the edge i–j at an iteration t is denoted by 

τij(t). 

The probability that an ant k moves at iteration t from a town i to a town j is 

calculated by the following probabilistic–proportional rule: 

_>F,`(a) =
bτ	d(t)ef (ηij)g

∑ (τ	i(t))f(ηij)gi∈k-l
 if m ∈ J	o otherwise _>F,`(a) = 0 [ 5.6] 

Where α ≥ 0 and β ≥ 0 

α and β are adjustable parameters describing the weights of the pheromone trail 

and visibility when choosing the route. When α = 0, the nearest town is chosen, which 

corresponds to a greedy algorithm in the classical optimization theory. When β = 0, only 

the pheromone trail is taken into account, which implies that all ants select one 
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suboptimal route. To provide good optimization dynamics, it is recommended to set β ≥ α 

(Shtovba, 2005). 

This method seems particularly useful for the problems which are distributed in 

nature, problems of dynamic evolution, which require a strong fault-tolerance. The ant 

colony optimization is more effective when they are hybridized with local search 

algorithms. These algorithms optimize those solutions found by the ants before the ants 

are used for updating the trails of pheromone (Dreo et al., 2003). 

5.1.3 Genetic Algorithm (GA) 

Genetic algorithm (GA) is a search heuristic introduced by Holland (1975) that 

mimics the process of natural evolution. This heuristic is routinely used to generate 

optimum solutions in search problems. Genetic algorithms belong to the larger class of 

evolutionary algorithms (EA), which generate solutions to optimization problems using 

techniques inspired by natural evolution, such as inheritance, mutation, selection, and 

cross-over (Figure  5-8). A genetic algorithm is a problem-solving method that uses 

genetics as its model. It is a search technique to find approximate solutions to 

optimization and search problems. GA handles a population of possible solutions. Each 

solution is represented through a chromosome. Each position in the chromosome is 

assumed to represent a particular feature of an individual, and the value stored in that 

position represents how that feature is expressed in the solution. Usually, the string is 

evaluated as a collection of structural features of a solution that have little or no 

interaction. The analogy may be drawn directly to genes in biological organisms. Each 

gene represents an entity that is structurally independent of other genes. The main 

reproduction operator used is "cross-over", in which two strings are used as parents and 
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new individuals are formed by swapping a sub-sequence between the two strings. 

Another popular operator is "mutation", in which a single bit in the string is flipped to 

form a new offspring string. Traditionally, individuals are selected to be parents 

probabilistically based upon their fitness values, and the offspring that are created replace 

the parents. This process is continued repeatedly until the optimum result is reached as 

illustrated in Figure  5-8. 

 

Figure  5-8: Genetic Algorithm Mechanism (Dreo et al., 2003) 

5.2 Comparison of Applicable Techniques 

As discussed, there are three famous techniques by which the optimization for 

time-cost trade-off problems can be done: PSO, ACO and GA. The selected optimization 

technique should have at least the following characteristics: 

1. does have the ability to solve complex multi-objective problems, 

2. does not fall into a local optimum trap, 

3. can work with continuous and discrete operators, 

4. reaches near-optimum solution with a minimum number of iterations, 
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5. reaches near-optimum solution in a relatively short time, 

6. provides several near-optimum solutions to be selected by decision-makers. 

Elbeltagi et al. (2005) compared the performance of five types of evolutionary 

algorithms—genetic algorithms, memetic algorithms, particle swarm, ant-colony 

systems, and shuffled frog leaping. They compared processing time, convergence speed 

and quality of the results using one continuous problem and one discrete problem and 

reported that the PSO method was found to perform better than other algorithms in terms 

of success rate and solution quality, but shuffled frog leaping (SFL) was better than 

others in terms of processing time. ACO does also have advantages over other 

optimization techniques, but is only applicable for discrete optimization. Since this time-

cost trade-off problem can be a continuous or discrete optimization problem, ACO is not 

a favourable method, unless only discrete values are used for accelerating and 

overlapping degrees.  

Simulating natural evolution and survival-of-the-fittest mechanisms, GAs apply a 

random search for the optimum solution of a problem. Researchers have reported the 

robustness of GAs and their capacity to efficiently search for and locate the global 

optimum in a multimodal landscape. Due to their perceived benefits, GAs have been 

successfully used to solve several engineering and construction management problems. In 

addition, there are not any definite mathematical restrictions on the properties of the 

fitness function in GA. It may be discrete, multimodal, or so forth. There are also some 

advantages of GA over other evolutionary optimization techniques: GA is usually more 

flexible and more scalable than other non-linear optimization methodologies, and lends 

itself to parallelism, as it can manipulate whole populations: computations for different 
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parts of the population can be dispatched to different processors (Mahfoud and Goldberg, 

1995). In GA, chromosomes share information with each other and the whole population 

moves towards optimum solution. But in PSO only the swarm best solution so far (gbest) 

and the best value of particle neighbours (lbest) are given out to the others (i.e. a one-way 

information sharing system). The evolution only looks for the best solution. Compared 

with GA, all the particles tend to converge to the best solution quickly, even to the local 

version in most cases (Sivanandam and Deepa, 2008). 

Ant colony algorithms are very often effective only with a local search and are 

more effective when hybridized with other search algorithms. These algorithms optimize 

those solutions found by the ants before the ants update the trails of pheromone. From the 

point of view of local search, the advantage of employing ant colony algorithms is to 

generate an initial solution. 

Differences in terms of processing time or result quality are insignificant between 

GA and other evolutionary techniques such as ACO, especially taking into account 

advancements in computer hardware technology: PCs perform faster than ever before and 

processing speed is not an issue. Some studies show that solutions provided by genetic 

algorithms are superior to other methods and since GA maintains a population of possible 

solutions, they have a better chance of locating the global optimum as compared to the 

other methods, especially those proceeding one solution at a time (Mahfoud and 

Goldberg, 1995). Therefore, GA is the selected optimization technique for the purpose of 

the current PhD research.  
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5.3 Definition of Genetic Algorithms 

The science that deals with the mechanisms responsible for similarities and 

differences in a species is called genetics. The word "genetics" is derived from the Greek 

word "genesis" meaning "to grow" or "to become". The science of genetics helps us to 

differentiate between heredity and variations, and seeks to account for the resemblances 

and differences directly derived from natural heredity, their source and their 

development. The concept of genetic algorithms is directly derived from natural 

evolution (Sivanandam and Deepa, 2008). There are particular terminologies which are in 

use in genetic algorithms; this section provides more details about genetic algorithm 

terms and definitions. 

5.3.1 Chromosomes and Genes 

All genetic information is stored in chromosomes. Each chromosome is built of 

deoxyribonucleic acid (DNA). In humans, a chromosome exists in the form of pairs 

(twenty-three pairs exist in humans). The chromosomes themselves are divided into 

several parts called "genes". Genes code the properties of all individual members of a 

species. The possibilities of a gene for one property are called "alleles" and a gene can 

take different alleles. For example, there is a gene for eye color, and all the different 

possible alleles are black, brown, blue and green (since no one has red or violet eyes). 

The set of all possible alleles present in a particular population forms a "gene pool". This 

gene pool can determine all the different possible variations for future generations. The 

size of the gene pool helps in determining the diversity of the individuals in the 

population. The set of all the genes for a specific species is called the "genome". Each 

and every gene has a unique position within the genome, named its "locus". In fact, most 
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living organisms store their genes on several chromosomes, but in genetic algorithms, 

each gene is usually stored on the same chromosome. Figure  5-9 shows a model and 

components of a chromosome. 

 

Figure  5-9: Components of a Chromosome 

5.3.2 Cross-Over 

Cross-over is the process of taking two parent solutions and producing from them 

a child. After the selection (reproduction) process, the population is enriched with better 

individuals. Reproduction makes clones of good strings but does not create new ones. A 

cross-over operator is applied to the mating pool, with the hope that it creates a better 

offspring (Sivanandam and Deepa, 2008). Cross-over is a recombinative operator that 

proceeds in three steps: 

i. The reproduction operator selects at random a pair of two individual strings for 

the mating. 

ii. A cross site is selected at random along the string length. 

iii. The position values are swapped between the two strings following the cross site. 
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Figure  5-10 shows an example of cross-over from parents to produce two offspring by 

swapping the genes. 

 

Figure  5-10: Cross-over of Parents to form Offspring (Sivanandam and Deepa, 
2008) 

5.3.3 Mutation 

After cross-over, the strings are subjected to mutation. Mutation prevents the 

algorithm from being trapped in a local minimum. Mutation also recovers lost genetic 

materials and randomly distributes genetic information. It is an insurance policy against 

the irreversible loss of genetic material. Mutation has traditionally been considered as a 

simple search operator. If cross-over is supposed to exploit the current solution to find 

better ones, mutation is supposed to help with the exploration of the whole search space. 

Mutation is viewed as a background operator to maintain genetic diversity in the 

population. It introduces new genetic structures in the population by randomly modifying 

some of its building blocks (Sivanandam and Deepa, 2008). Mutation helps escape from 

the trap of local optima and maintains diversity in the population (Figure  5-11).  

 

Figure  5-11: Mutation of Parent to form Offspring (Sivanandam and Deepa, 2008) 
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5.3.4 Probability of Cross-Over and Mutation 

The basic parameter in cross-over technique is cross-over probability (Pc). Cross-

over probability is a parameter to describe how often cross-over will be performed. If 

there is no cross-over, offspring are exact copies of parents. If there is cross-over, 

offspring are made from parts of both parents' chromosomes. If cross-over probability is 

100%, then all offspring are made by cross-over. If it is 0%, a whole new generation is 

made with exact copies of their parental chromosomes. Cross-over is made in the hope 

that new chromosomes will contain the good parts of old chromosomes and therefore the 

new chromosomes will be better. However, it is good to allow some part of the old 

population to survive to the next generation.  

The important parameter in mutation technique is the mutation probability (Pm). 

The mutation probability decides how often parts of chromosome will be mutated. If 

there is no mutation, offspring are generated only by cross-over operator without any 

change. If mutation is performed, one or more parts of a chromosome are changed. If 

mutation probability is 100%, all chromosomes are changed; if it is 0%, nothing is 

changed. Mutation generally prevents the GA from falling into local extremes. Mutation 

should not occur very often, because then GA will in fact become a random search. A 

high rate of mutation does not allow the algorithm to check the neighbouring points in 

one area to find its own way towards a better solution and jump it to another area. A very 

low rate of mutation will also run the risk of being trapped in the local optimum. The 

value ranges of Pc and Pm are normally within 0.5–1.0 and 0.001–0.05, respectively. 
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5.4 Customizing Genetic Algorithms to Solve Time-Cost Trade-Off 

In order to solve the time-cost trade-off problems using genetic algorithms, there 

is a significant amount of customization that must be done in order that the method fit 

with and can solve each problem.  

5.4.1 Chromosomes in Time-Cost Trade-Off Problem 

In this study, chromosomes provide solutions for the schedule compression 

problem. Each chromosome contains information about overlapping and accelerating of 

schedule activities and their duration and cost. Chromosomes are separated into two sets 

of genes: accelerating genes and overlapping genes. The structure of a chromosome is 

shown in Figure  5-12. 

 

Chromosome X 

Accelerating Genes Overlapping Genes 

Figure  5-12: Structure of a Typical Chromosome 

 

5.4.2 Genes in Time-Cost Trade-Off Problem 

As discussed in the previous section, there are two sets of genes in each 

chromosome: accelerating genes and overlapping genes. 

5.4.2.1 Accelerating Genes 

These genes hold the information about accelerating of activities. The attributes of 

the accelerating genes are: 

• duration of task 

• required hours to perform the task (normal or accelerated) 
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• cost of accelerating (including cost of crashing or substitution). 

5.4.2.2 Overlapping Genes 

These genes hold the information of overlapping. The attributes of overlapping 

genes are: 

• the task's predecessor 

• relation-type between task and its predecessor (FS, SS, FF or SF) 

• lead or lag times 

• overlapped duration 

• added rework duration due to overlapping 

• overlapping cost due to rework. 

The number of genes in each schedule network varies depending on the number 

of accelerating and overlapping tasks. As discussed, each accelerating gene has three 

attributes and each overlapping gene has six attributes. An example of the structure of a 

gene in a network with seven accelerated activities and nine overlapped activities is 

shown in Figure  5-13. 
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Figure  5-13: Genes of a Chromosome in a Network with Seven Accelerated Tasks 
and Nine Overlapped Tasks 

5.5 Cascade Effect 

The cascade effect is an unforeseen chain of events due to an act affecting a 

system. In this research, the cascade effect discusses the simultaneous occurrence of more 

than one accelerating or overlapping instance in any point in time.  

5.5.1 Accelerating Cascade Effect 

Since accelerating is not creating any rework on the successor tasks, there is no 

impact on this analysis when more than one task is accelerated at the same time. The only 
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consideration is to monitor the resource requirements and perform resource leveling as 

explained in section  5.6.5. 

5.5.2 Overlapping Cascade Effect 

Dehghan (2011) studied overlapping cascade effect when the degree of 

overlapping is high and more than two activities overlap at the same time. As shown in 

Figure  5-14, activity B has one predecessor and one successor and separately overlaps 

with them. Overlapping A with B causes rework period RB and overlapping B with C 

causes rework period RC. When the degrees of overlaps are high, then activity A and 

activity C may overlap as well although their dependency is through activity B. In this 

case, the duration of RC can become longer than the time when A and C are not 

concurrent, because RC duration is not only affected by changes in B, but also affected by 

changes in A. However, there is a possibility that to a certain extent changes from activity 

A to activity B are absorbed by activity B and not communicated to activity C. For this 

purpose, a change transfer ratio is defined, to take into account the transfer of changes 

from activity A to activity C. The formula for rework in activity C when a cascade occurs 

follows equation [ 5.7]: 

H3 = pB3  b_B3 +  q<B3  _<B,r  (1 −  _B3)e [ 5.7] 

0 ≤ q<B3  _<B,r  (1 −  _B3)  ≤ 1 [ 5.8] 

Where 

TBC = extended duration added to successor activity C, as a result of rework originating 

from the changes made by predecessor activity B 

PBC = probability that a change happens for B and causes rework for C 
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PAB,2 = probability that a change happens for A and causes rework for B during interval 2 

(contribution to RB) 

rABC = change transfer ratio from activity A to activity C through activity B.  

 

Figure  5-14: Overlapping Cascade Effect (adapted from Dehghan, 2011) 

5.6 Computer Implementation 

There are several commercial software packages available to perform genetic 

algorithm calculations, such as Evolver, JGAP, GeneHunter, and GALIB. Due to the 
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to pass data. The developed tool is named “ScheduleAccelerator”. The block diagram of 

ScheduleAccelerator and information flow is shown in Figure  5-16. 

 

Figure  5-16: ScheduleAccelerator Block Diagram 

5.6.2 Programming Language 

The programming language that has been used in programming of 

ScheduleAccelerator is Visual Basic for Applications (VBA). VBA is an implementation 
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applications. VBA enables building user-defined functions, automating processes and 

other low-level functionality through dynamic-link libraries (DLLs). It is also built into 

other Microsoft applications, as well as being at least partially implemented in other 

applications such as AutoCAD, WordPerfect and ArcGIS. It supersedes and expands on 

the abilities of earlier application-specific macro programming languages such as Word's 

WordBasic. It can be used to control many aspects of the host application, including 

manipulating user interface features such as menus and toolbars, and working with 

custom user forms or dialog boxes. The main reasons for selecting VBA for automation 

of this research project were its characteristics: 

• compatibility with Microsoft Excel and Microsoft Project, which made the 

application easier to develop and maintain, 

• widely known and used in industry, which facilitated entering the input data and 

information, 

• flexibility in creation of functions to reduce the number of programming codes and 

using less complex expressions, 

• clarity in detection of errors, by displaying the user's own message, 

• ease of creation and modification of objects in user interface forms, which makes the 

application more user-friendly, 

• ease of passing arguments to code. An argument is a value that supplies the additional 

information that some actions require. An advantage of VBA over conventional 

macros is that arguments cannot be changed when a macro is running. With VBA, 

however, arguments can be passed to the code at the time it runs. This gives a great 

deal of flexibility in how the code runs. 
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As its name suggests, VBA is closely related to Visual Basic and uses the Visual 

Basic Runtime Library, but can normally only run code within a host application (e.g. 

Microsoft Excel or Microsoft Project) rather than as a standalone program. It can, 

however, be used to control one application from another via OLE Automation. For 

example, it is used automatically to create a Word report from Excel data, in turn 

automatically collected by Excel from polled observation sensors. 

Interaction with the host application uses OLE Automation. Typically, the host 

application provides a type library and application programming interface (API) 

documentation which document how VBA programs can interact with the application.  

These application objects create the OLE link to the application when they are 

first created. Commands to the different applications must be made explicitly through 

these application objects in order to work correctly. For example: In Microsoft Access, 

users automatically have access to the Access library. References to the Excel, Word and 

Microsoft Outlook libraries can also be created. This will allow creating an application 

that runs a query in Access, exports the results to Excel, formats the text, then writes a 

mail merge document in Word that it automatically e-mails to each member of the 

original query through Outlook.  

Source codes of the developed program (ScheduleAccelerator) are shown in 

Appendix E. 

5.6.3 Program Components and Algorithm 

The developed program (ScheduleAccelerator) consists of two major sub-

programs: Original Population and Optimization. In order to carry out the optimization, 

the first sub-program creates random chromosomes as the original population based on 
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the given inputs. The duration of these tasks and the amount of overlapping with each 

other are all random, and these records will be stored in the database for further 

optimization. In the next step, the second sub-program will use the original population to 

optimize the results using cross-over or mutation, and produce new offspring. The cross-

over subroutine randomly picks two chromosomes from the population and shares the 

genes to produce new offspring. The mutation subroutine picks one random chromosome 

and changes some of its genes randomly (Figure  5-17). If cross-over or mutation results 

in better chromosome, it will be kept and replaces the worst stored in the population; 

otherwise, it will be ignored and the program will continue producing new offspring. 

 

Figure  5-17: ScheduleAccelerator Program Components 

The developed algorithm first runs the accelerating subroutine to come up with 

the durations and required hours for each task. Then it continues with the overlapping 

subroutine to determine the overlapping lead times and their rework hours. The 

overlapping rework hours then will be added to the required hours for the successor task. 

The calculated hours and cost for each activity are then added to calculate the overall cost 

of schedule compression, and stored in a separate spreadsheet. Since calculated durations 
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and overlapping lags are generated randomly, they can be in decimal numbers and 

program rounds up the generated durations. For example if in one run duration for a task 

is calculated as 12.6 days, it is rounded up to 13. This feature was added to address one 

drawback of the Li and Love (1997) algorithm, as explained in Chapter Two. However, 

rounding up is a default setting in this algorithm and it can be changed, in case a project 

is controlled on less than a full-day basis, such as hourly.  

As mentioned above, first, the original population sub-program creates random 

chromosomes and then in the next part, the optimization section continues optimizing the 

original population until it has reached an acceptable solution. Figure  5-18 and Figure 

 5-19 show the flow diagrams for the Original Population and Optimization sub-programs.  
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Figure  5-18: GA's Original Population Sub-Program Flow Diagram 
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Figure  5-19: GA's Optimization Sub-Program Flow Diagram 

Start 

Read 2 random 
chromosomes Information 

Swap the attributes of 2 
random chromosomes 

(Cross-Over) or Mutate 

Microsoft Project calculates 
overall project duration and 

levels the resources 

Calculate schedule 
compression Benefit/Loss 

Is project 
duration 

acceptable? 

Is benefit 
better than the 

worst one? 

Replace this chromosome 
with the worst one 

Intended 
benefit/duration 

is reached? 

End 

Void this chromosome 

and create a new one 

No 

No 

Yes 

Yes No 

Yes 



192 

 

Criteria for the algorithm to stop the optimization process are based on the user 

preference and can be defined as the following:  

• Stop after a certain number of iterations: This method is used when the project 

manager does not have any targeted duration or benefit in mind and simply wants to 

see the minimum duration securing a certain benefit from schedule compression. The 

other way is to fix a certain completion date, and the model will continue running for 

a number of iterations to observe what might be the maximum benefit from that 

schedule compression.  

• Stop after it reaches the targeted duration or cost: This is used when the project 

manager is targeting a certain benefit from schedule compression or duration for 

project completion. The algorithm will be continued until the intended benefit or 

duration is reached.  

• Stop after converging to a certain solution: In this method, the model will be run 

freely until it is converging towards a solution, which should be close to the global 

optimum. For the case of this research, if the result of the model approaches as close 

as 90% to the absolute optimum solution, it is acceptable. When improvement in the 

best solution becomes very small in the last number of runs, this shows that the 

algorithm has reached to an optimum or close-to-optimum solution. After this point, 

more runs do not bring any significant improvement to the best solution, and the 

algorithm can stop. Figure  5-20 illustrates the improvements in benefit for a sample 

problem, in each set of 1000 runs.  
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Figure  5-20: Example of Schedule Compression Benefit Improvement in GA Runs 

This graph illustrates improvement percentage in each 1000 runs. Original population 

is including random solutions generated by Original Population sub-program. These 

random solutions are crossed-over and mutated in later runs by GA’s Optimization 

sub-program. As the GA algorithm comes closer to the optimum solution, the slopes 

of the curves in each 1000 run become less steep. The optimum solution in this 

example is reached after 10,000 runs, as there is not a significant improvement in the 

schedule compression benefit after this point.  

5.6.4 Unique Identifier for each Chromosome 

One feature of the developed algorithm is the assignment of a unique identifier to 
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1. It causes the program to reach the global optimum faster, by maintaining diversity in 

the population. If a unique identifier does not exist, when the program converges 

towards a good solution it produces very similar chromosomes in the surrounding 

area. This increases the probability of creating identical chromosomes during cross-

over operations, and becoming trapped in a local optimum. 

2. Since there are no similar chromosomes, the program will not ever exchange the 

genes of two identical chromosomes, and this improves overall algorithm’s 

performance. 

5.6.5 Resource Over-allocation and Leveling 

One of the important factors in proper scheduling is the analysis of resource 

requirement, compared with project resource availability. When resource requirements 

are more than the available resources in a period of time, it is designated as "over-

allocated" and will be highlighted with a red color in a resource profile graph. This topic 

is crucial to be addressed in the time-cost trade-off since by compressing the project 

schedule, resource hours are required to be spent in a shorter time. This increases the 

resource consumption over time and there is a possibility that resources become over-

allocated as illustrated in Figure  5-21.  
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Figure  5-21: Resource Utilization Profile - Normal vs. Compressed Execution 

There are two ways to deal with over-allocated resources in a project: 

1. Increase resource availability for that period of time, by overtime, assigning more 

resources, and so on. 

2. Perform leveling to move some of activities, in order to reduce fluctuations in 

resource consumption.  

Resources constraints can be easily introduced during calculation of the total 

project duration in schedule network. Within each run, the schedule can be leveled to 

address resource availability and move the activities within their available float, to level 

the resource consumption profile in the project. This reduces the peaks and valleys in 

resource usage and stays within the range of available resources. It is expected that as the 

model starts overlapping and accelerating the activities, more critical paths appear in the 
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are not enough resources to complete the tasks as planned, activities can be also extended 

to respond to the resource constraints.  

Callahan et al. (1992) introduce a systematic process for resource leveling, 

enabling planners to measure the degree of improvement in resource leveling using an 

improvement factor. The improvement factor is calculated using the equation [ 5.9]. 

IFu,v = q (= x	 − 
?

x
= w	

?

x
−  mr) [ 5.9] 

Where 

IFA,5 = improvement factor for shifting activity A five days out in time 

r = daily resource rate for the activity 

m = minimum number of days that the activity is shifted or the duration of the activity 

xi = daily resource sum for the current timeframe over which resources will be deducted 

wi = daily resource sum for the timeframe over which resources will be added. 

An activity can be shifted up to the number of days of free float for the activity. 

As long as a non-zero positive number is obtained for the improvement factor, the 

resource histogram is improving (Callahan et al., 1992). 

In practice, since the Microsoft Project application is used as the platform for 

performing the schedule network calculations, the limit of available resources is defined 

in the software and the application is set to level the schedule after each run. This is 

performed by sending the information about the resource requirement of each task to the 

scheduling application and performing resource leveling. This is performed automatically 

by Microsoft Project during calculation of the project duration for each chromosome. For 
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this purpose, the resource-leveling feature in Microsoft Project is used with the settings 

shown in Figure  5-22. 

 

Figure  5-22: Resource Leveling Settings in Microsoft Project 

By setting the leveling calculations from Manual to Automatic, each time 

Microsoft Excel sends the information for each chromosome to Microsoft Project, the 

network calculations are done along with the leveling. The leveling order in this research 

may vary according to the problem main priority, as described in the two options below: 

1. If the purpose of a trade-off is to reduce the duration, Microsoft Project levels the 

resources within the available total float (slack). 

2. If the purpose is to reduce the cost, Microsoft Project can level the resources beyond 

the available total floats. 
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Figure  5-23 shows the resource requirement of a chromosome according to the 

received inputs from Microsoft Excel, and Figure  5-24 shows the same chromosome after 

the leveling is performed. In this example, leveling is done within the available total 

float; for this reason the over-allocation of resources (the red area) is reduced but not 

completely removed. 

 

Figure  5-23: A Sample Chromosome Resource Graph before Leveling 
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Figure  5-24: A Sample Chromosome Resource Graph after Resource Leveling 

Researcher experimentation showed that when the leveling setting is to level 

within the available total float, and all activities become critical in the network (due to 

compression in all paths), Microsoft Project cannot level the resources and they will 

remain unchanged, as there is no float available. In such a case, the overtime rate is 

applied to the over-allocated portion and the activity cost will be updated with the 

additional cost accruing from higher overtime rates. 

5.6.6 Schedule Constraints 

The developed tool is also able to accommodate time constraints in the schedule, 

which constraints are due to any limitations requiring activities to be started or completed 

by a certain time. These limitations can be due to technical, environmental, safety, or 

other reasons. One of the advantages of using the Microsoft Project application is its 
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capability to consider and respect these constraints when calculating the overall project 

duration (Figure  5-25).  

 

Figure  5-25: Microsoft Project Constraints 

The following are the actions that the application performs for each type of constraint: 

• As Late As Possible: Schedules the task as late as it can without delaying subsequent 

tasks.  

• As Soon As Possible: Schedules the task to start as early as it can.  

• Finish No Earlier Than: Schedules the task to finish on or after the constraint date. 

• Finish No Later Than: Schedules the task to finish on or before the constraint date. 

• Must Finish On: Schedules the task to finish on the constraint date. Once selected, 

the task will not be moveable on the timescale. 

• Must Start On: Schedules the task to start on the constraint date. Once selected, the 

task will not be movable on the timescale. 
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• Start No Earlier Than: Schedules the task to start on or after the constraint date. 

• Start No Later Than: Schedules the task to start on or before the constraint date. 

5.7 Research Computer System Configuration 

It is important to consider the configuration of the research computer system for 

later benchmarking purposes. For this research, a personal desktop computer has been 

used with the following hardware and software configurations: 

- Manufacturer: Dell 

- Model: Studio XPS 9100 

- Processor: Intel(R) Core(TM) i7 CPU 960 @ 3.2GHz 

- Installed Memory (RAM): 12.0 GB 

- Operating System: Windows 7 Professional, 64-bit Operating System 

- Microsoft Excel, Version 2007 

- Microsoft Project, Version 2007 

5.8 Verification of the Developed Tool by Case Study 

In order to verify the results of this research, the same hypothetical network, 

consisting of seven activities and nine relationships (Dehghan et al., 2011), that has been 

used for the verification of heuristic algorithm in Chapter Four is used for this also, as 

shown in Figure  5-26. The reason for selecting this network was to present the 

improvements on this research. The normal duration of this project is 110 days and the 

project manager is willing to compress the schedule for this project. He wants to perform 

a trade-off analysis between the benefits and costs of this compression and decide upon 

the best strategy. It is expected to have $1000 of daily benefits for each day of 
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completing the project earlier than 110 days including savings in indirect cost, client 

incentives, and so forth.  

 

Figure  5-26: Case Study Schedule Network (adapted from Dehghan et al., 2011) 

In this example, all activities have opportunities to be accelerated up to a certain 

duration. However, accelerating will have some productivity loss, as explained earlier. 

The maximum productivity losses are shown as percentages in Table  5-1. For any 

accelerating less than the maximum crash time of the activity, the productivity loss factor 

will be calculated by prorating the maximum crashing productivity loss factor to the 

determined duration. 

Table  5-1: Sample Network Crashing Inputs 

Activity 
ID 

Normal 
Duration 

(Days) 

Normal 
M/H 

Required 
(Hours) 

Max. 
Accelerated 

Duration 
(Days) 

Max. 
Accelerating 
Productivity 

Loss Factor (%) 

Labour Hour 
Rate ($/h) 

1 36 288 30 15.0% $110.0 

2 30 240 25 10.0% $110.0 

3 28 224 20 10.0% $110.0 

4 48 384 40 20.0% $110.0 

5 22 176 15 17.0% $110.0 

6 24 192 19 15.0% $110.0 

7 20 160 15 20.0% $110.0 

All the linked activities in this example are also allowed to be overlapped to a 

certain degree, but overlapping will have some rework duration and resulting rework 

1 
(36 days) 

3 
(28 days) 

4 
(48 days) 

6 
(24 days) 

7 

(20 days) 

2 

(30 days) 

5 

(22 days) 

FS 

110.0 Days 
SS+36 

FS 

FS 

FS 

FS 

FS 

FF+20 

FS 



203 

 

cost. In order to facilitate calculation of the rework durations and costs, mathematical 

functions in previous overlapping research (Dehghan et al., 2011) are shown in Table  5-2 

to be used by the application for calculating duration and cost in each degree of 

overlapping.  

Table  5-2: Sample Network Overlapping Inputs 

Activity 
ID 

Predecessor 
Activity 

Relation Type 

Min. 
Lead 
Time 

(Days) 

Max. 
Lead 
Time 

(Days) 

Rework 
Function 

(Days) 

Overlapping 
Cost 

Function 
($/day) 

1 - - - - - - 

2 1 Finish-to-Start 0 17 R12= 0.2L12 C12= 900R12 

3 1 Finish-to-Start 0 10 R13= 0.1L13 C13= 850R13 

4 1 Start-to-Start 19 36 R14= 0.15L14 C14= 1050R14 

5 2 Finish-to-Start 0 22 R25= 0.3L25 C25= 800R25 

6 
2 Finish-to-Start 0 20 R26= 0.25L26 C26= 1000R26 

3 Finish-to-Start 0 16 R36= 0.2L36 C36= 1000R36 

7 

4 Finish-to-Finish 8 20 R47= 0.15L47 C47= 950R47 

5 Finish-to-Start 0 15 R57= 0.05L57 C57= 950R57 

6 Finish-to-Start 0 6 R67= 0.25L67 C67= 950R67 

 

Genetic algorithm chromosomes in this case study consist of accelerating and 

overlapping set of genes. There are total of sixteen genes in this model. Seven genes are 

assigned for keeping accelerating information, which means one gene for the accelerating 

of each task. There are also nine genes for overlapping, since there are nine overlapping 

points among the activities in this network as shown in Table  5-3. The attributes of 

accelerating genes are accelerated duration, required extra man-hours and accelerating 

cost. Overlapping genes have also the attributes of overlapped time, rework duration, and 

rework cost, as discussed earlier in this chapter. 
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Table  5-3: Organization of Chromosomes and Genes in Case Study 

Random durations can be integers between normal duration and maximum 

accelerated duration. Lead times also can be integers between the minimum and 

maximum lead times in overlapping.  

Gene 
Gene 

Definition 
Gene Attribute 1 

(Days) 
Gene Attribute 2 

(M/H) 
Gene Attribute 3 

($) 

AC-1 Accelerating 
Act. 1 

Duration Act. 1 Accelerating M/H 
Act. 1 

Accelerating Cost 
Act. 1 

AC-2 Accelerating 
Act. 2 

Duration Act. 2 Accelerating M/H 
Act. 2 

Accelerating Cost 
Act. 2 

AC-3 Accelerating 
Act. 3 

Duration Act. 3 Accelerating M/H 
Act. 3 

Accelerating Cost 
Act. 3 

AC-4 Accelerating 
Act. 4 

Duration Act. 4 Accelerating M/H 
Act. 4 

Accelerating Cost 
Act. 4 

AC-5 Accelerating 
Act. 5 

Duration Act. 5 Accelerating M/H 
Act. 5 

Accelerating Cost 
Act. 5 

AC-6 Accelerating 
Act. 6 

Duration Act. 6 Accelerating M/H 
Act. 6 

Accelerating Cost 
Act. 6 

AC-7 Accelerating 
Act. 7 

Duration Act. 7 Accelerating M/H 
Act. 7 

Accelerating Cost 
Act. 7 

OL-1 Overlapping 
Act. 1&2 

Act. 1&2 Lead 
Time 

Rework Act. 2 Rework Cost Act. 2 

OL-2 Overlapping 
Act. 1&3 

Act. 1&3 Lead 
Time 

Rework Act. 3 Rework Cost Act. 3 

OL-3 Overlapping 
Act. 1&4 

Act. 1&4 Lead 
Time 

Rework Act. 4 Rework Cost Act. 4 

OL-4 Overlapping 
Act. 2&5 

Act. 2&5 Lead 
Time 

Rework Act. 5 Rework Cost Act. 5 

OL-5 Overlapping 
Act. 2&6 

Act. 2&6 Lead 
Time 

Rework Act. 6 Rework Cost Act. 6 

OL-6 Overlapping 
Act. 3&6 

Act. 3&6 Lead 
Time 

Rework Act. 6 Rework Cost Act. 6 

OL-7 Overlapping 
Act. 4&7 

Act. 4&7 Lead 
Time 

Rework Act. 7 Rework Cost Act. 7 

OL-8 Overlapping 
Act. 5&7 

Act. 5&7 Lead 
Time 

Rework Act. 7 Rework Cost Act. 7 

OL-9 Overlapping 
Act. 6&7 

Act. 6&7 Lead 
Time 

Rework Act. 7 Rework Cost Act. 7 
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5.8.1 Number of Possible Solutions 

Considering the number of possible states of activities' accelerating and 

overlapping, the number of possible solutions of this simple example would be as shown 

in Table  5-4. 

Table  5-4: Number of Possible Accelerating Arrangements 

Activity Normal Duration 
Max. Accelerated 

Duration 
Possible Different 
Duration Values 

1 36 30 7 

2 30 25 6 

3 28 20 9 

4 48 40 9 

5 22 15 8 

6 24 19 6 

7 20 15 6 

Possible Accelerating Arrangements 979,776 
Similarly, by taking into consideration the number of possible overlapping 

arrangements, the possibilities are as shown in Table  5-5. 

Table  5-5: Number of Possible Overlapping Arrangements 

Pair of Activities 
Minimum 

Overlapping 
Maximum 

Overlapping 
Possible Different 

Overlapping Values 

1-2 0 17 18 

1-3 0 10 11 

1-4 0 17 18 

2-5 0 22 23 

2-6 0 20 21 

3-6 0 16 17 

4-5 0 12 13 

4-6 0 15 16 

4-7 0 6 7 

Possible Overlapping Arrangements 42,608,389,824 
Therefore, the total number of solutions within the solution space of this small 

problem may be calculated as follows: 

Total Solutions= 979,776 × 42,608,389,824 = 4.17 × 1016.  
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5.8.2 Original Population 

In order to solve this problem, the first sub-program makes a population of five 

hundred chromosomes. This is only a small fraction of the total solutions in the solution 

space, but one of the strength points of genetic algorithms is that it is able to find a near-

to-optimum solution with a small number of population. The original population sub-

program is executed first, to create the original population in a random order. The 

original population will be stored in a separate sheet, in order to have the capability to 

compare the results of optimization with the initial population. The original population 

then will be crossed-over and mutated to create better offspring.  

5.8.3 Cross-Over and Mutation Ratio 

The rate of cross-over in this study was set at 90% and the rate of mutation was 

set at 10%. If the mutation rate is high, it directs the GA to other areas of the solution 

space rapidly, and does not allow the program enough time to search for the optimum 

solution in an area. If the mutation ratio is low, it takes a longer time to find the solution, 

as GA spends a lot of time in an area which may not be the global solution area. After 

several experiments with the program and analyzing the speed of algorithm at finding a 

near-to-optimum solution, these ratios were decided as the most efficient. 

5.8.4 Number of Optimization Runs 

After creating the original population, the optimization sub-program starts 

optimizing these solutions using cross-over and mutation. In each run, if the created 

offspring is better than the worst chromosome in the population, it will replace that. 

Otherwise, the program ignores the weak chromosome and creates a new one. This 

process will be iterated thousands of times until reaching an acceptable solution. After 
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several experiments 10,000 runs was designated as a reasonable number, because after 

this number, there is not any considerable change in maximum benefit. After running the 

model 10,000 times, the program determined many solutions, which are shown in Figure 

 5-27. An advantage of genetic algorithms over other methods is that the decision-maker 

will have many possible solutions to review and pick the most suitable one that meets 

their requirements. In Figure  5-27, the diamonds at the bottom represent five hundred 

solutions, the original population produced randomly at the beginning. The diamonds on 

top of this area, shown with different colors, represent the optimized solutions after each 

set of a thousand runs. The trend to the top of graph shows how this optimization 

algorithm works efficiently to produce better results, using the original solutions after 

each thousand runs. Each of these diamonds represents an arrangement of activities, 

resulting in a project overall duration and total benefit. In the original population, there 

are many solutions which are not beneficial to the project and make schedule 

compression a net loss. Only a few solutions exist in the original population that are 

profitable with positive benefit. However, after 10,000 runs, and optimizing the available 

solutions using genetic algorithms, all the existing solutions bring more than $6,000 

benefit to the project.  
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Figure  5-27: Case Study Optimized Solutions vs. Original Population 

This concludes that inappropriate schedule compression does not bring any 

benefit to the project and may even bring loss. Thus, the strategy that is used to shorten 

the project's duration is of utmost importance and should be revisited regularly. Table  5-6 

shows the change in total benefit and duration of project in each thousand runs. 
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Table  5-6: Project's Total Duration and Compression Benefit in each thousand 
Runs 

No. Of Runs 
Duration 

(Days) 
Max. Benefit 

($) 
Min. Benefit 

($) 

Original Population 91 $1,528.8 -$17,528.4 

1000 87 $4,102.2 -$4,438.4 

2000 92 $5,511.2 -$1,544.8 

3000 95 $5,708.2 $536.0 

4000 92 $7,136.6 $2,060.8 

5000 87 $7,582.0 $3,354.2 

6000 87 $7,582.0 $4,303.0 

7000 89 $7,716.6 $4,975.8 

8000 88 $7,783.8 $5,446.2 

9000 88 $7,783.8 $5,892.6 

10000 90 $8,154.8 $6,207.6 

 

By using this method, the project manager will have the flexibility to review a set 

of top alternatives which meet duration and benefit criteria, and pick the best option.  

For instance, the solution with maximum benefit in this case study after 10,000 

runs is the one with duration of 90 days and $8,154.8 benefit. In this case, the total 

schedule compression cost is $11,845.2 and total benefit of the project is $20,000, 

because we were able to save 20 days from 110 days assuming $1,000 for each day. 

Thus, the total net benefit of schedule compression will be $8,154.8. Arrangement of this 

solution is also shown in Table  5-7 along with the associated costs for each activity 

crashing and overlapping. 
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Table  5-7: Case Study Solution with Highest Benefit 

* Note: Number in parentheses represents task’s final duration after adding the rework 

duration due to overlapping. 

Task durations in Table  5-7 are the durations after accelerating. For those 

activities in which overlapping rework increased the duration more than the accelerated 

duration, they are shown in brackets, i.e. activity 2, 3 and 4.  

5.9 Algorithm Performance 

The algorithm reaches to a close-to-optimum result after 10,000 runs. The 

researcher believes that 10,000 runs is a reasonable number of runs, as after this point 

there is minimum increase in the schedule compression benefit. Figure  5-28 shows how 

schedule compression benefit increased in each thousand-run increment. 

Act. 
ID 

Task 
Duration 

(Days) 

Accelerating 
Cost 
($) 

Predecessor 
Activity 

Relation Type 
Lead 
Time 

(Days) 

Overlapping 
Cost 
($) 

Total 
Comp. 

Cost ($) 

1 33 $2,376 - - - - $2,376 

2 29 (32)* $528 1 Finish-to-Start -15 $2,700 $3,228 

3 26 (27)* $616 1 Finish-to-Start -10 $850 $1,466 

4 48 (50)* $0 1 Start-to-Start 20 $2,100 $2,100 

5 22 $0 2 Finish-to-Start 0 $0 $0 

6 22 $1,267.2 
2 Finish-to-Start 0 $0 

$1,267.2 
3 Finish-to-Start 0 $0 

7 18 $1,408 

4 Finish-to-Finish 20 $0 

$1,408 5 Finish-to-Start 0 $0 

6 Finish-to-Start 0 $0 
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Figure  5-28: Increasing Schedule Compression Benefit in each Thousand Runs 

At the end of the optimization after 10,000 runs, it was observed that in total 96% 

of acceptable produced solutions were created by cross-over and 4% of results were 

produced using mutation. This shows how mutation can be important to direct the 

optimization process into the space with more probability of a global solution. 

Figure  5-29 shows the ratio between cross-over and mutation in each thousand runs. 

 

Figure  5-29: Ratio of Cross-Over (CO) and Mutation (MU) in each Thousand Runs 
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5.10 Program Performance 

Galin (2004) describes three different categories by which the quality of a 

developed software can be reviewed and analyzed. These categories are product 

transition, product operation, and product revision, as shown in Figure  5-30. 

 

Figure  5-30: Quality Software Characteristics (Galin, 2004) 

Since the developed program (ScheduleAccelerator) is not a commercial program 

and is only intended for research purposes, the researcher only evaluated product 

operation factors to determine the quality of the program. Factors in product operation 

are: correctness, reliability, efficiency, integrity and usability. 
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5.10.1 Program Correctness 

Correctness requirements are defined in a list of the software system's required 

outputs, such as a query display of a customer's balance in a sales accounting information 

system, or the air supply as a function of temperature specified by the firmware of an 

industrial control unit. Output specifications are usually multidimensional; some common 

dimensions include: 

• The output mission: Output of this program is the arrangement of activities and the 

extent to which they should be accelerated or overlapped. These outputs meet the 

requirement of users and several reports can be produced with these outputs. 

• The required accuracy of the outputs: Outputs of the program are all checked and 

calculated manually for quality purposes, and no error was detected in any of the 

solutions. The probability of a non-accurate output, containing one or more mistakes, 

is less than 1%. 

• The completeness of the output information: The probability of missing data about 

accelerating and overlapping of the tasks is less than 1%. 

• The up-to-dateness of the information (defined as the time between the event and its 

consideration by the software system): The program is always up to date with the 

recent data and information from other applications (in this case Microsoft Excel and 

Microsoft Project). Measures are designed and built into the program to check and 

synchronize the two applications in each run. 

• The availability of the information (the reaction time, defined as the time needed to 

obtain the requested information): After all the inputs are provided, the program 
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needs around six to eight minutes for each thousand runs: if 10,000 runs are needed, 

the report can be prepared in less than eighty minutes. 

5.10.2 Program Reliability 

Reliability requirements deal with failures to provide service. They determine the 

maximum allowed software system failure rate, and can refer to the entire system or to 

one or more of its separate functions. In order to make sure the program is bringing the 

correct and stable result, it is run for tens of thousands of iterations to determine the 

failure rate. The failure rate for the developed program is less than ten percent. 

5.10.3 Program Efficiency 

Efficiency requirements deal with the hardware resources needed to perform all 

the functions of the software system in conformance to all other requirements. The main 

hardware resources to be considered are the computer's processing capabilities, its data 

storage capability in terms of memory and disk capacity, and the data communication 

capability of the communication lines. For this specific program, optimization time is 

considered as the main parameter for measuring program efficiency. After 10,000 runs, it 

was evident that as number of runs increases, the speed of the program for each thousand 

iterations increases, as well. One reason for that could be; as the program moves closer to 

the global solution, it is harder to find a better solution and thus fewer offspring are 

created. This will save some processor time and make the program function faster. Figure 

 5-31 shows the graph of program speed in each thousand runs of optimization. 
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Figure  5-31: Program Speed in Different Runs 

5.10.4 Program Integrity 

Integrity requirements deal with the software system security, that is, 

requirements to prevent access to unauthorized persons, to distinguish between the 

majority of personnel allowed to see the information ("read permit") and a limited group 

who will be allowed to add and change data ("write permit"), and so forth. Since the 

program is taking advantage of using the Microsoft Excel environment, a security setup 

can be arranged for each user to have read or write access to the data and information. 

5.10.5 Program Usability 

Usability requirements deal with the scope of staff resources needed to train a 

new employee and to operate the software system. Since this is research software, it 

needs training for the new users who will continue this research topic to be able to use the 

program. 
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5.11 Ratio of Accelerating and Overlapping 

One of the results of the performed experiments was to compare the number of 

times the program uses accelerating techniques, and how many times overlapping was 

selected for each task. In the original population, the program has used accelerating 56% 

of the time to reduce the project duration, and 44% of the time overlapping was chosen. 

However, as shown in Figure  5-32, this ratio has changed after more runs of the program. 

 

Figure  5-32: Percentage of Accelerating and Overlapping Usage Count 

By reviewing the graphs in Figure  5-32, it is observed that the number of times 

overlapping is used by the algorithm has dropped from 44% to 32% after 10,000 runs. 

Accelerating numbers, on the other hand, have seen an increase from 56% to 68% after 

10,000 runs. This means after 10,000 runs, more accelerating is selected than 

overlapping, even though overlapping contributes more to reducing the project duration, 

as shown in Figure  5-33. In this figure, overlapping has contributed in average 75% in 

compressing project duration and accelerating contributed 25% only. However, this ratio 

has changed to 86% for overlapping and 14% for accelerating after 10,000 runs. 
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Figure  5-33: Average Reduced Duration by Accelerating and Overlapping 

These findings can be analyzed as follows: 

1. The sample network does have a wider range of overlapping rather than accelerating. 

The maximum compressed duration for overlapping of activities is higher than 

accelerating them.  

2. Overlapping alternatives in this sample case study is less costly than accelerating; 

therefore the program increases from 75% overlapping to 86% overlapping after 

10,000 runs. 

3. As is evident in Figure  5-32, not all overlapping activities are efficient, therefore the 

number of overlapped activities is reduced, while the degree of overlapping on 

efficient overlapping opportunities is increased. This becomes clearer by reviewing 

Figure  5-35. 

Since solutions in the original population are generated randomly, the ratio is also 

random. However, after 10,000 runs, good candidates for overlapping and accelerating 

remain and inefficient candidates gradually become unused. This result is only applicable 

to this schedule network with the given inputs and it may vary in other case studies with 

different accelerating and overlapping inputs. 
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Figure  5-34 also shows the percentage of average reduced duration by 

accelerating for each task in the case study original population compared to the last 

thousand runs. 

  

Figure  5-34: Average Accelerating of Tasks in Original Population and Run 10,000 
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activities 4 and 5 are not good candidates for accelerating, as they have less contribution 

in reducing project duration after 10,000 runs, as compared to their contribution in the 

original population. On the other hand, activity 1 is a good alternative for accelerating, as 

its saved duration from 13% in original population is increased to 34% after 10,000 runs. 

Activities 3, 6, and 7 are almost equally contributed in compression and activity 2 and 5 

are in the next level. 
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Figure  5-35: Average Overlapping of Tasks in Original Population and Run 10,000 

By analyzing Figure  5-35, it is understood that overlapping between activities 4 

and 7 is the most favourable overlapping alternative in this case study. Overlapping of 1 

and 2, 1 and 3, and 1 and 4 are almost equally good. Other overlapping opportunities 

contributed less than 1% each after 10,000 runs, which shows that the algorithm did not 

find them very efficient in reducing the project duration with minimum cost. 

5.12 Summary 

As discussed in this chapter, there is a need for a reliable and efficient 

optimization algorithm to optimize generated random solutions in the search space for 

achieving a schedule compression benefit or meeting intended project durations. A 

genetic algorithm approach has been selected because of its capabilities suiting this time-

cost trade-off problem. The selected optimization algorithm has been applied in 

developing a tool, called “ScheduleAccelerator”, for performing the optimization on a 

generated random population.  
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duration of 98 days. The same problem is solved again using the genetic algorithm 

optimization algorithm and showed the maximum benefit of $8,154.8 and project 

duration of 90 days. This shows the effectiveness of implementing evolutionary 

optimization algorithms to reach a close to global optimum solution in time-cost trade-off 

problems. However, it should be noted that activities in the case study schedule were only 

allowed to accelerate or overlap to a maximum of three days when heuristic algorithm 

was used. Therefore, it was limited to only a certain part of the search space while after 

the GA implementation, algorithm searched through whole solutions space. 
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Chapter Six: Research Validation 

This chapter discusses validation of the developed schedule compression 

algorithm and tool. The validation of the results is aimed at accomplishing several 

objectives: 

1. testing the developed algorithm and tool's performance and accuracy, and fine-tune as 

needed to improve efficiency, 

2. testing the algorithm and tool on an actual project to ensure its effectiveness on 

industrial projects. 

In order to fulfill the above objectives, the researcher decided to perform the 

validation in three parts: 

Part One: validation of the algorithm to ensure the effectiveness of combined 

accelerating and overlapping techniques. 

Part Two: validation of the developed optimization algorithm and tool to ensure they 

bring the best solution. 

Part Three: validation of the research findings on a real industrial project to check the 

practicality of the algorithm.  

6.1 Validation Part One 

In order to check the effectiveness of combined accelerating and overlapping in 

schedule compression, the researcher decided to perform an experiment by running each 

technique of accelerating and overlapping in isolation, and then comparing the results of 

these two runs with the results of the combined accelerating and overlapping experiment 

that was presented in Chapter Five. If the results of combined accelerating and 
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overlapping were to outperform the results of isolated accelerating and overlapping, this 

validates the effectiveness of combined version. 

6.1.1 Sole Accelerating Run 

In this experiment, all overlapping inputs were removed and it was assumed that 

there is no overlapping opportunity in any pair of activities. Therefore, the activities were 

only allowed to be accelerated, as shown in Chapter Five. Then the program was run 

10,000 times; the result is shown in Figure  6-1.  

 

Figure  6-1: Sole Accelerating Runs 

When having only accelerating opportunities in the project, it was observed that 
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6.1.2 Sole Overlapping Run 

In the second set of runs, all the accelerating inputs were removed and it was 

assumed no accelerating opportunity existed in any of the activities: in this case, the 

activities may only be overlapped. The program was run for another 10,000 runs and 

result of this study is shown in Figure  6-2. 

 

Figure  6-2: Sole Overlapping Runs 

The solutions in sole overlapping runs show more diversity compared to sole 

accelerating. This may be due to the fact that the number of overlapping opportunities 

(42,608,389,824) is considerably larger than the number of accelerating opportunities 

(979,776) and since they are less costly, the resulting benefits are generally higher than 

sole accelerating. In this experiment, the solution with the maximum benefit achieves 

$6,800 of schedule compression benefit with 93 days of duration. 
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6.1.3 Combined Accelerating and Overlapping Run 

This third set of runs does permit both accelerating and overlapping opportunities, as 

discussed in Chapter Five. The result of this run is shown in Figure  6-3. 

 

Figure  6-3: Combined Accelerating and Overlapping Runs 

6.1.4 Analysis of the Results: 

Comparing the combined accelerating and overlapping runs, it is evident that the 
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also higher than the sole overlapping case with a maximum benefit of $6,800 in the 

same number of runs. This shows the combined accelerating and overlapping 

algorithm is more effective in finding better solutions, as compared to each individual 

technique. 

• Schedule Compression Duration: Reviewing the graphs in terms of schedule, the 

minimum duration that the schedule can be compressed in the sole accelerating case 

with positive benefit is 102 days. In the sole overlapping case, though, the duration 

can be reduced to 92 days while still benefiting the project. In the combined 

accelerating and overlapping experiment, the duration can be reduced to 81 days 

while still benefiting the project. This validates the effectiveness of combined 

accelerating and overlapping in projects, from a scheduling point of view as well. 

6.2 Validation Part Two 

In order to validate and ensure the results of the developed genetic algorithm and 

its effectiveness, the researcher decided to generate all the possible solutions and observe 

whether the solution obtained by the algorithm is really the global best solution. 

However, since the hypothetical case study reviewed in Chapter Four has 4.17 × 1016 

possible solutions, it is not timely nor technically feasible to generate all the solutions. 

For this reason, the researcher decided to reduce the size of the solution space. This is 

done by limiting the inputs to the network, in order to be able to generate all solutions for 

a simplified problem. For this reason, overlapping and accelerating numbers in the input 

table have changed to allow only two stages for each task (normal or 

accelerated/overlapped). These two stages are also selected to be discrete numbers to 
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validate capability of the algorithm to work with discrete values. Accelerating inputs to 

the simplified problem are shown in Table  6-1. 

Table  6-1: Simplified Accelerating Inputs 

Activity 
ID 

Normal 
Duration (Days) 

Normal M/H 
Required (Hours) 

Accelerated 
Duration (Days) 

Accelerating 
Cost ($) 

1 36 288 34 $1,584 

2 30 240 28 $1,056 

3 28 224 26 $616 

4 48 384 46 $2,112 

5 22 176 20 $940 

6 24 192 22 $1,267 

7 20 160 18 $1,408 

The same approach has been also applied to the overlapping inputs; they are 

limited to two discrete degree of overlapping for each pair of activities as shown in Table 

 6-2. 

Table  6-2: Simplified Overlapping Inputs 

Activity 
ID 

Predecessor 
Activity 

Relation Type 

Min. 
Lead 
Time 

(Days) 

Max. 
Lead 
Time 

(Days) 

Rework 
Function 

(Days) 

Overlapping 
Cost Function 

($/day) 

1 - - - - - - 

2 1 Finish-to-Start 0 2 R12= 0.2L12 C12= 900R12 

3 1 Finish-to-Start 0 2 R13= 0.1L13 C13= 850R13 

4 1 Start-to-Start 34 36 R14= 0.15L14 C14= 1050R14 

5 2 Finish-to-Start 0 2 R25= 0.3L25 C25= 800R25 

6 
2 Finish-to-Start 0 2 R26= 0.25L26 C26= 1000R26 

3 Finish-to-Start 0 2 R36= 0.2L36 C36= 1000R36 

7 

4 Finish-to-Finish 18 20 R47= 0.15L47 C47= 950R47 

5 Finish-to-Start 0 2 R57= 0.05L57 C57= 950R57 

6 Finish-to-Start 0 2 R67= 0.25L67 C67= 950R67 
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By performing this reduction in the number of values for accelerating and 

overlapping parameters, the number of possible solutions for the simplified problem is 

reduced:  

Accelerating: a total of 7 accelerating activities, each in two stages. Hence, the number 

of possible accelerating options is 27 or 128 options. 

Overlapping: a total of 9 pair of overlapping activities each in two stages. Hence, the 

number of possible overlapping options is 29 or 512 options. 

The number of solutions of combined accelerating and overlapping is thus 27 × 29 = 216 = 

65,536 solutions. 

The researcher manually generated all the possible 65,536 options of crashing and 

overlapping and used a customized computer tool to calculate the total project duration 

and schedule compression benefit for each solution. The solution space of the simplified 

problem is shown in Figure  6-4. Blue dots represent solutions with negative benefit (loss) 

to the project. Red dots represent solutions with a benefit more than zero. 
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Figure  6-4: All Possible Solutions in Simplified Case Study 

As shown in Figure  6-4, the benefits and losses of possible solutions are in the 
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1. Effectiveness: Is the algorithm able to find a global or close-to-global solution in the 

solution space? 

2. Efficiency: Is the algorithm able to find the global or close-to-global solution in a 

reasonable number of runs and reasonable time? 

To answer the above questions, the genetic algorithm tool was customized to 
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allow the algorithm to use only two stages of accelerating and overlapping in each run. 
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Along with reducing the number of solutions, the number of the original population has 

also been reduced to 100, which is only 0.1% of total solutions.  

The generated original population of the case study had 100 solutions; most of 

them were in the loss area with negative benefit to the project. After 1000 runs, the 

solutions in the original population improved quickly, and improved in each run as shown 

in Figure  6-5. After generating the original population, the tool started to optimize the 

results and after 584 runs it reached to a close-to-global optimum solution (102 days 

duration and $3,192.8 benefit). After 905 runs, the program reached the global solution, 

which was 100 days duration with $3,784.8 benefit.  

 

Figure  6-5: GA Original Population and Optimized Solutions in Simplified Case 
Study 

Figure  6-6 shows an increase in schedule compression benefit in 1000 runs. As is 
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Figure  6-6: GA's Efficiency in Increasing the Benefit in Optimization Run in 
Simplified Case Study 

Optimization in total took only 925 seconds (1000 runs). Optimized solutions, mapped 

upon all the possible solutions in Figure  6-7, show the efficiency of the algorithm in 

finding near-to-global and global solutions in a relatively short period of time. 

 

Figure  6-7: GA Results Mapped in All Possible Solutions in Simplified Case Study 
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Having reviewed the results of validation part one, the following conclusions can 

be drawn: 

1. Effectiveness: The developed algorithm is effective because it was able to find a 

close-to-global solution first and after more runs, it reached the global solution. 

2. Efficiency: The algorithm is efficient because it reached a close-to-optimum solution 

and a global solution in a relatively short period of time. The algorithm was also 

efficient in moving towards the global solution in an increasing manner, as shown in 

Figure  6-6.  

For these reasons, the researcher believes validation on the simplified case study 

passed and the results can be relied on for other schedule networks. 

6.3 Validation Part Three 

In this part, the researcher intended to check the developed algorithm and tool on 

a real industrial project to observe the effectiveness in practice. For the purpose of 

promoting academic research, a reputable EPC company in Calgary, Canada agreed to 

support this research and provide inputs to this academic study. Input and support 

provided to the researcher by the company included: 

1. granting access to the company's wealth of knowledge, 

2. providing expert opinion on the research topic including inputs on accelerating and 

overlapping techniques, 

3. providing case study project information, 

4. reviewing the results of the case study project after the optimization and confirming 

the research results are satisfactory. 
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Support on these items was provided through several meetings, interviews and 

focus groups. 

6.3.1 Interviews and Focus Groups 

A total of ten engineers were introduced as mentors and attended the focus groups 

in the company. The attendees were from following disciplines: 

• Project controls: 2 participants 

• Planning and scheduling: 2 participants 

• Piping design: 3 participants 

• Structural design: 2 participants 

• Quality assurance: 1 participant 

These sessions were unstructured, and the intent was to obtain expert opinion on the 

research findings. However, there were a set of prepared questions which were asked by 

the researcher, including:  

• Is there any schedule for a work package of an actual project that contains all the 

characteristics of the project? 

• What activities do you identify as opportunities for accelerating and/or overlapping? 

• What would be the maximum allowable range of accelerating and overlapping? What 

is the cost for each level? Since there can be no trade-off with quality and safety 

aspects, the compression should be to the point that still there is no violation on these 

two parameters. 

• Is your first priority time or cost? What is your targeted project completion date? 
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• Do you think the schedule developed by my algorithm is a realistic schedule? Do the 

accelerating durations and overlapping lead times seem practical and make sense to 

you?  

• Can you compare this schedule with the one you developed with your current practice 

and tell me which one is a more realistic schedule? 

6.3.2 Project Schedule Network 

Due to the time constraints for this PhD research, it was not possible to test the 

developed algorithm on a complete industrial project. Therefore, an area of the project 

has been selected to be analyzed and validated. The selected activities for this analysis 

are within the piping discipline. The reasons for selecting this discipline are: 

• the criticality of the piping activities and modeling in the overall schedule to provide 

information to all the other disciplines—that is, piping discipline deliverables are 

predecessors for many other tasks in other disciplines, 

• the important role of piping modeling in design integrity in all disciplines, 

• the complexity of the schedule network in the piping discipline. 

The design phase of this project is near to completion and the project is in the 

beginning of the construction and installation stage. The provided schedule is for the 

Steam Condensate area of an oilsands project in Northern Alberta, Canada. This schedule 

has a total of 40 activities, as shown in Appendix A. After review of this schedule by the 

researcher and through discussions with the experts, a chain of critical activities was 

determined to be the focus of gathering accelerating and overlapping inputs for this 

schedule, as shown in Figure  6-8. Therefore, the inputs on accelerating and overlapping 

were given for this chain of activities. 
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Figure  6-8: Case Study Project Chain of Critical Activities 
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6.3.3 Problem Inputs 

After several meetings and focus groups with the company experts and engineers, 

the following inputs have been discussed and agreed for accelerating and overlapping of 

activities. 

Accelerating Inputs 

During the focus groups with the experts, it was concluded that crashing is the 

only accelerating technique for this case study project and that no substitution 

opportunities exist for the activities in this schedule. The inputs given by the experts 

about crashing of activities are as follows: 

• Crashing 1: Module Key Plan-Re IFD 

• Crashing 2: Plot Plan-IFC 

• Crashing 3: 60% Model Review Tag Resolution 

• Crashing 4: 90% Model Review Tag Resolution 

• Crashing 5: Plot Plan-Re IFC 

• Crashing 6: Pipe-rack Module Isometric Drawings 

• Crashing 7: Pipe-rack Module ISOs General Arrangement Drawings 

• Crashing 8: Process Module Isometric Drawings 

• Crashing 9: Process Module ISOs General Arrangement Drawings 

Experts believe these nine activities are the only available crashing opportunities within 

this chain of activities, and other tasks cannot be accelerated; therefore the allowable 

accelerating degree for other activities in the tool has been set to zero. The inputs on the 

crashing of these nine activities are shown in Table  6-3 to Table  6-11 and Figure  6-9 to 

Figure  6-17.  
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Crashing 1: Module Key Plan-Re IFD 

Table  6-3: Module Key Plan Re IFD Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 

(Hours) 

Loss of 
Productivity 

(%) 

Module Key 
Plan-Re IFD 

40 40 14 42 5% 

 

Figure  6-9: Module Key Plan Re IFD Crashing Curve 
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Crashing 2: Plot Plan-IFC 

Table  6-4: Plot Plan-IFC Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 
(Hours) 

Loss of 
Productivity 

(%) 

Plot Plan-IFC 20 80 10 88 10% 

 

Figure  6-10: Plot Plan-IFC Crashing Curve 
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Crashing 3: 60% Model Review Tag Resolution 

Table  6-5: 60% Model Review Tag Resolution Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 

(Hours) 

Loss of 
Productivity 

(%) 

60% Model 
Review Tag 
Resolution 

20 80 10 88 10% 

 
 

Figure  6-11: 60% Model Review Tag Resolution Crashing Curve 
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Crashing 4: 90% Model Review Tag Resolution 

Table  6-6: 90% Model Review Tag Resolution Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 
(Hours) 

Loss of 
Productivity 

(%) 

90% Model 
Review Tag 
Resolution 

20 80 10 88 10% 

 

Figure  6-12: 90% Model Review Tag Resolution Crashing Curve 
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Crashing 5: Plot Plan Re IFC 

Table  6-7: Plot Plan Re IFC Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 

(Hours) 

Loss of 
Productivity 

(%) 

Plot Plan Re 
IFC 

40 80 10 100 25% 

 

Figure  6-13: Plot Plan Re IFC Crashing Curve 
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Crashing 6: Pipe-rack Module Isometric Drawings 

Table  6-8: Pipe-rack Module Isometric Drawings Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 

(Hours) 

Loss of 
Productivity 

(%) 

Pipe-rack 
Module ISOs 

(7,000) 
148 

28,000 
(4 hours per 

ISO) 
120 34,054 22% 

 

Figure  6-14: Pipe-rack Module Isometric Drawings Crashing Curve 
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Crashing 7: Pipe-rack Module ISOs General Arrangement Drawings 

Table  6-9: Pipe-rack Module ISOs General Arrangement Drawings Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 
(Hours) 

Loss of 
Productivity 

(%) 

Pipe-rack 
Module ISOs 

General 
Arrangement 

Drawings 

129 40 50 46.5 16% 

 
Figure  6-15: Pipe-rack Module ISOs General Arrangement Drawings Crashing 

Curve 
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Crashing 8: Process Module Isometric Drawings 

Table  6-10: Process Module Isometric Drawings Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 

(Hours) 

Loss of 
Productivity 

(%) 

Process 
Module ISOs 

(3,500) 
48 

14,000 
(4 hours per 

ISO) 
45 17,062 22% 

 

Figure  6-16: Process Module Isometric Drawings Crashing Curve 
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Crashing 9: Process Module ISOs General Arrangement Drawings 

Table  6-11: Process Module ISOs General Arrangement Drawings Crashing Inputs 

Task 
Normal 

Duration 
(Days) 

Normal 
Resource 
(Hours) 

Crashed 
Duration 

(Days) 

Crashed 
Resources 
(Hours) 

Loss of 
Productivity 

(%) 

Process 
Module ISOs 

General 
Arrangement 

Drawings 

46 40 20 43.5 9% 

 

Figure  6-17: Process Module ISOs General Arrangement Drawings Crashing Curve 
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Overlapping Inputs 

In accordance with the experts' advice, there are a few activities which are good 

candidates for overlapping on this project. These activities with their successors are 

shown in Table  6-12.  

Table  6-12: Overlapping Inputs for the Case Study Project 

Predecessor Task Successor Task 

Plot Plan - Re-IFD Module Key Plan Re-IFD 

Plot Plan - IFC Equipment Location Plan - IFC 

60% Model Review Tag Resolution Pipe-rack Module Isometric Drawings 

60% Model Review Tag Resolution Process Module Isometric Drawings 
 

The group of experts and the researcher formed other focus groups to determine 

equivalent rework durations as a function of overlapping duration. The results of these 

meetings and inputs given by professionals are shown in Table  6-13 to Table  6-16 and 

Figure  6-18 to Figure  6-21. 
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Overlapping 1: Plot Plan-Re IFD and Module Key Plan Re-IFD 

Table  6-13: Overlapping Inputs for Plot Plan-Re IFD and Module Key Plan Re IFD 

Predecessor Task Successor Task 
Overlapping 

(Days) 
Rework on 

Successor (Days) 

Plot Plan – Re-IFD 
Module Key Plan 

Re-IFD 

0 0 

40 2 

 

Figure  6-18: Overlapping Curve for Plot Plan-Re IFD and Module Key Plan Re IFD 

The rework function is: 

R = 0.05 × L [ 6.1] 

Where R = Rework duration and L = Overlapping duration 
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Overlapping 2: Plot Plan-IFC and Equipment Location Plan-IFC 

Table  6-14: Overlapping Inputs for Plot Plan-IFC and Equipment Location Plan 
IFC 

Predecessor Task Successor Task 
Overlapping 

(Days) 
Rework on 

Successor (Days) 

Plot Plan - IFC 
Equipment Location 

Plan - IFC 

0 0 

6 0 

36 9 

 

Figure  6-19: Overlapping Curve for Plot Plan-IFC and Equipment Location Plan 
IFC 

R = 0 for 0 < L < 6 [ 6.2] 

R = 0.25 × L for 6 < L [ 6.3] 

Where R = Rework duration and L = Overlapping duration 

0

1

2

3

4

5

6

7

8

9

10

0 6 12 18 24 30 36 42

R
ew

o
rk

 D
u

ra
ti

o
n

 (
D

a
y

s)

Overlapping Duration (Days)

Plot Plan-IFC 
Overlapping 

Equipment Location Plan IFC



248 

 

Overlapping 3: 60% Model Review Tag Resolution and Pipe-rack Module Isometric 

Drawings 

Table  6-15: Overlapping Inputs for 60% Model Review Tag Resolution and Pipe-
rack Module Isometric Drawings 

Predecessor Task Successor Task 
Overlapping 

(Days) 
Rework on 

Successor (Days) 

60% Model Review 
Tag Resolution 

Pipe-rack Module 
ISOs 

0 0 

148 29 

 

Figure  6-20: Overlapping Curve for 60% Model Review Tag Resolution and Pipe-
rack Module Isometric Drawings 

R = 0.2 × L [ 6.4] 

Where R = Rework duration and L = Overlapping duration 
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Overlapping 4: 60% Model Review Tag Resolution and Process Module Isometric 

Drawings 

Table  6-16: Overlapping Inputs for 60% Model Review Tag Resolution and Process 
Module Isometric Drawings 

Predecessor Task Successor Task 
Overlapping 

(Days) 
Rework on 

Successor (Days) 

60% Model Review 
Tag Resolution 

Process Module 
ISOs 

0 0 

48 9 

 

Figure  6-21: Overlapping Curve for 60% Model Review Tag Resolution and Process 
Module Isometric Drawings 

R = 0.2 × L [ 6.5] 

Where R = Rework duration and L = Overlapping duration 
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6.3.4 Cost Functions 

After generating the overlapping rework functions, the costs of rework were also 

discussed and function for each activity was generated. The cost functions are developed 

considering the costs of resources working on these tasks and performing the rework on 

successor activities. These functions are presented in Table  6-17. 

Table  6-17: Case Study Project Cost Functions 

Successor Activity 
Typical 

Hours per 
day* 

Hours Rate 
($) 

Overlapping 
Rework Cost 

($/day) 

Module Key Plan - Re IFD 1.0 $110.0  $110.0  

Equipment Location Plan - IFC 2.0 $110.0  $220.0  

Pipe-Rack Module ISOs 189.2 $110.0  $20,810.9  

Process Module ISOs 291.7 $110.0  $32,083.7  

* Source of the typical hours per day is in Appendix B 

6.3.5 Schedule Compression Benefits 

After several meetings and discussions with the company experts, one of the main 

benefits of schedule compression was determined to be the company's saving in indirect 

costs. Any reduction in schedule duration could also result in a reduction in the indirect 

costs. Indirect costs in the company’s projects can vary greatly depending on the project. 

Some of the factors affecting indirect costs are:  

• size of the project 

• location of the project 

• productivity of resources 

• fixed costs (not affected by craft hours–temporary facilities, roads, cranes) 

• variable costs (affected by number of craft–camp, consumables, tools) 

• length of schedule 
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• amount of off-site fabrication and modularization 

• amount and type of subcontracts and execution strategy 

• the client's requirements 

• inclement weather 

• field non-manual team 

Within the company, indirect costs are calculated as a percentage of direct labour 

cost and vary from 65% to 150% of direct labour cost. The other method being used for 

calculating indirect costs by the company is to allocate a percentage (8% ~ 20%) of Total 

Installed Cost (TIC). After discussions with the professionals in the company, for the 

purpose of this research and considering the size of the case study project, it was decided 

to consider $10,000 as the daily benefit for each day of early completion. The normal 

project duration was 681 days; this analysis is targeted to compress the schedule so that 

the project completes earlier than 600 days. 

6.3.6 Modified Program for Validation Case Study 

The developed program has been used for this case study; however, some minor 

modifications had to be made to customize the program for this special project. This case 

study has a total of 1.01 × 1017 solutions. Therefore, for solving this problem, the 

researcher decided to generate 500 random solutions as the original population. It was 

observed that 282 solutions in this original population offered positive benefits as a result 

of schedule compression and the other 218 solutions would bring loss ranging from 

$1,792 to $524,196. The general population solutions were then optimized thousands of 

times to converge upon an acceptable solution. Interestingly, after 10,000 runs, the top 

500 solutions offered a benefit of at least $891,567. 
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6.3.7 Analysis of the Results 

After 10,000 runs, the program converged to a solution with $894,169 benefit of schedule 

compression. The maximum and minimum benefit of schedule compression within the 

population of 500 is shown in Table  6-18, for each set of 1000 runs starting from the 

original population.  

Table  6-18: Maximum and Minimum Benefit in each 1000 Runs 

No. Of Runs 
Duration 

(Days) 
Max. Benefit 

($) 
Min. Benefit 

($) 

Original 
Population 

596 $596,349 -$524,196 

1000 590 $698,332 $224,073 

2000 590 $738,745 $437,949 

3000 587 $820,580 $577,887 

4000 585 $847,735 $692,973 

5000 587 $872,590 $767,749 

6000 584 $881,748 $818,625 

7000 583 $892,634 $848,152 

8000 583 $894,020 $868,502 

9000 583 $894,136 $881,822 

10000 583 $894,169 $891,567 

 

Figure  6-22 shows the increase in minimum and maximum schedule compression benefit 

in 500 population per each 1000 runs. As shown, the whole population moves towards 

the maximum solution and after 10,000 runs they converge upon a solution with 

$894,169 benefit and 583 days of duration. 
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Figure  6-22: Increasing Schedule Compression Benefit in each 1000 Runs 

Figure  6-23 is another representation of program convergence to the optimum solution 

after 10,000 runs. In each run, improvements become less significant between the best 

and worst solution in the population, and there is a very small difference between the best 

and worst solutions by the last run. 

 

Figure  6-23: Increasing Schedule Compression Benefit in each 1000 Runs 
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Figure  6-24 illustrates a scatter diagram of 500 population in each thousand runs. Of the 

solutions in the original population, 43.6% would bring loss to the project. However, as 

the optimization module started to optimize the solutions, the whole population started to 

improve rapidly and moved towards the upper left side of the diagram to offer higher 

benefits with shorter project duration. The slight move to the top left side of the graph 

shows the algorithm is able to find good solutions in this area, with shorter duration and 

high benefits of schedule compression. 

 
Figure  6-24: GA Optimization Results after 10,000 Runs 
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were also compared with the company's own schedule, and it was agreed that the results 

of optimization are superior to the schedule generated by the company. The experts 

indicated that they would like to incorporate the developed algorithm in their other 

projects and execute a portion of their project using the algorithmic schedule, then 

compare the as-built schedule and its generated benefit with the model results. The 

company in a correspondence (Potter, 2013) provided their formal opinion about the 

research and its results as quoted below and referred in an article about this study by 

Oilsands Review magazine (Stastny, 2013); 

“The preliminary results of applying this tool indicated that the schedule for this 

portion of the work could have been reduced and substantial savings realized. A typical 

major project level 3 schedule can contain thousands of activities. It is envisioned that 

this tool will enable project management to assess various critical path sub-networks for 

opportunities to reduce or compress the overall schedule. 

Traditionally, EPC project schedules are developed using typical logic, durations 

and resource loading derived from years of professional experience and actual results 

from previous projects. This new approach will allow those assumptions to be tested and 

re-examined and could provide a paradigm shift in developing schedules and executing 

projects. The benefit for owners could be substantial; not only in cost saving by 

completing projects sooner, but also by providing earlier revenue flow from the 

completed facility. Given the cost and schedule volatility we continue to see in large 

oilsands projects, this new approach could ultimately provide an excellent tool for the 

industry. We look forward to the next step in its development!” 
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Chapter Seven: Conclusions 

The purpose of this research was to analyse the combination of accelerating and 

overlapping techniques in a schedule compression exercise. As became entirely evident 

during the literature review, there are several limitations in the existing studies conducted 

on this topic by other researchers. The researcher believes that the outcomes of this study 

contribute significantly to theory and practice, and also pave the way for performing 

more studies in this field. This study is the first to address all characteristics of a realistic 

and holistic time-cost trade-off in projects, which also has the capacity to be applied by 

practitioners in industry.  

The contributions of this study may be generally categorized into three areas: 

contributions to research methodology, contributions to theoretical literature, and 

contributions to practice. 

7.1 Contributions to Research Methodology 

In the course of conducting this study, the researcher determined some methods 

which brought particular improvement to the results.  

7.1.1 Researcher Focus Groups 

One of the methods which helped the researcher considerably was to conduct 

researcher focus groups. These focus groups were aimed at interacting and working with 

other researchers in adjacent topics. The focus groups provided an elaborative 

environment for all researchers to interact in a supportive manner and give useful inputs 

to each other's work. This has also helped in drawing a clear line between the scopes of 

research studies, especially when the areas of research were close to each other. The 

researcher believes this is a good contribution to research methodology, as academic 
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research studies are often conducted in isolation, without any significant interaction 

between the researchers to share ideas and provide feedback. 

7.1.2 Developing A Research Tool Instead of Using An Off-the-Shelf Package 

Another contribution of this research to overall methodology is the development 

of a computerized tool solely for the purpose of this study. The process of developing the 

model and computerized tool (ScheduleAccelerator) was very similar to the process of 

generating requisite models introduced by Phillips (1984). Although there are readily-

available packages on the market for performing this sort of optimization, they do not 

provide the flexibility required by the researcher and therefore the inputs would have had 

to be transformed to suit the application, or extra effort required to analyze the outputs. 

By contrast, developing a tool solely customized for the purpose of the research helped in 

obtaining better results and analysis. Although a certain amount of time and effort was 

needed to develop the tool, still the advantages have significantly outweighed the outlay.   

The researcher believes that other studies involving modeling and simulation will 

observe considerable improvements in the quality and efficiency of the research if the 

researchers also develop their own customized tool. 

7.2 Contributions to Theoretical Literature 

7.2.1 Combining Accelerating and Overlapping Techniques 

In the opinion of the researcher, the most important contribution of this research is 

the bridging of the previously-existing gap between the approaches of accelerating and 

overlapping. Previous research were mainly conducted on just accelerating, or just 

overlapping, as discussed in Chapter Two. This study is amongst the very few performed 
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with a combination of schedule compression techniques, and does not share many of the 

limitations of previous studies. 

7.2.2 Managing Networks with Multiple Chain of Activities 

A further contribution of this work to theory, particularly in contrast to previous 

studies, is the capability of the algorithm to work on schedules with multiple paths. This 

is significant for work in two areas: 

1. Schedule networks with more than one chain of activities but only one critical 

path: One feature of the developed algorithm is that it is capable of working on 

schedule networks with more than a single path. In these cases, even if the project has 

only one critical path, it is important to analyze all other paths, as they may become 

critical during the schedule compression process. This feature is addressed in the 

developed algorithm, as all schedule paths are analyzed. 

2. Schedule networks with multiple chains of activities and several critical paths: It 

is very common to see project schedules with several critical paths. Therefore, the 

optimization algorithm must be able to identify and compress all paths, otherwise 

project duration will not be reduced. This need is also addressed in the developed 

algorithm, which has the capability of identifying and compressing all schedule 

critical paths. 

7.2.3 Capability to Function in Multi-Predecessor and Successor Environment 

A further contribution of the model is its ability to work with activities with 

multiple predecessors and successors. The working schedules of modern projects are very 

complex, and it is common to see several prerequisites for a task. Activities in upstream 
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disciplines, such as process and piping engineering, also have several successors, as they 

feed many activities in such downstream disciplines as civil and electrical engineering. 

7.2.4 Monitoring the Dynamic Nature of the Critical Path 

It is very common in project schedules for a critical path to change after each 

update. There are near-to-critical paths with small total float values, which may easily 

become critical when other tasks are accelerated or overlapped. This is a very important 

aspect of schedule compression, since only compressing the critical paths will reduce the 

project's duration. One advantage of this study is its ability to identify newly-emerged 

critical paths and thus proceed with schedule compression.  

7.2.5 Ability to Use Continuous and Discrete Inputs 

Another advantage of the algorithm is its ability to use both continuous and 

discrete points in accepting accelerating and overlapping inputs. For example, as 

discussed in Chapter Four, substitution time and cost values are discrete—they are not 

connected, as we usually consider only the cost of acquiring a new tool for a substitution 

opportunity. Therefore, it is of utmost importance that the algorithm is able to support 

discrete values; the researcher believes this is a particular strong point of the developed 

algorithm. 

7.2.6 Capability to Determine Reaching Optimum or Near to Optimum Solution 

This research suggests a method by which users are able to determine whether the 

global optimum or near to global optimum solution is reached. As explained in Chapter 

Five, three options presented to specify when genetic algorithm stops optimization and 

one option recommends stopping the process when it converges towards a solution and 

more runs of the program does not improve the solution noticeably.  
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7.2.7 Handling Resource Limitations 

A further advantage is the algorithm's capability to consider resource limitations 

in its analysis. In actual projects, resources are not unlimited; this is particularly 

important because this research involves crashing, which changes the resource 

consumption profile and causes fluctuations in the resource histogram. The tool 

developed for this research has the capability to level the resources and address the 

resource maximum availability limits, and by moving activities within their floats to 

reduce or completely remove peaks and valleys from resource histograms. 

7.2.8 Respecting Schedule Constraints 

A further advantage of the developed algorithm is its capability to address the 

time constraints of activities. Although the dates are driven by the logic and duration of 

the tasks’ durations, there are instances when the planners do not want some activities to 

start earlier than a certain date or complete later than a certain date. These constraints 

could be due to seasonal, economical, transportation, regulatory, or technical 

requirements which may override the standard schedule logic. The developed algorithm 

and tool are capable of receiving these constraints as inputs and respecting them when 

performing the schedule network calculations.  

7.2.9 Capability to Use Various Activity Relation Types 

The algorithm developed in this study is also capable of working with different 

task relation types. As discussed in Chapter Four, there are four types of activity relation: 

FS, SS, FF, and SF. The advantage of the research outcomes is the algorithm's ability to 

consider these four different relation types and work easily with all of them. 
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7.3 Contributions to Practice 

In addition to contributions to academia, there are also some contributions to 

practitioners in industry to be recognized: 

7.3.1 Optimizing Complex Schedules 

The outcomes of this research can be also applied by professional practitioners in 

industry. The optimization algorithm is capable of functioning on complex schedule 

networks; the researcher believes that this practicality is an important aspect of this 

research, since applicability of research to industry is seen as an important factor in 

academic research, especially in the Project Management field. 

7.3.2 Ability to Perform Partial Optimization 

Sometimes planners do not want to optimize the whole schedule. This can be 

either due to the criticality of one unit or unavailability of the information for the entire 

schedule network. The optimization algorithm is capable optimizing only the desired 

portions of the schedule, while observing the impacts on other schedule activities.  

7.3.3 Different Optimization Objectives 

The optimization algorithm has two modes of optimization: one is to work with a 

pre-defined duration and calculate the maximum benefit for that duration; the second is to 

secure a pre-defined schedule compression benefit and calculate the minimum duration 

meeting the intended benefit. If there is no pre-defined duration or benefit, the 

optimization algorithm can run freely and provide several solutions with acceptable 

benefit and duration, and decision-makers can select any of the solutions offered. 
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7.4 Recommendations for Further Studies 

As with all research studies, this research also has some limitations. In order to 

overcome the limitations and advance this field of study, the following research is 

suggested: 

7.4.1 Stochastic Accelerating and Overlapping Optimization 

The developed optimization algorithm works with deterministic values at the 

moment. One recommendation is to improve the existing model from deterministic to 

stochastic, enabling users to enter durations and cost values as ranges instead of single 

values. The outputs would then be also in the form of ranges, facilitating probabilistic 

analysis by end-users.  

7.4.2 Accelerating and Overlapping Information Database 

One of the important prerequisites of the model is to have the required 

overlapping and accelerating information available. This information includes: 

• crashing cost-duration curves, 

• substitution cost-duration curves, 

• overlapping rework and cost functions. 

The information for accelerating and overlapping in validation case studies has 

been gathered, but collection and analysis of the information from accelerating and 

overlapping of all fields' deliverables will require further research. This will facilitate use 

of this algorithm on all projects in a particular industry, by having the necessary 

information available as inputs. 
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7.4.3 Accelerating and Overlapping Optimization for Procurement and Construction 

Phases 

The developed model was discussed and validated for the design stage of projects 

only. Further research would be valuable if it investigated extending and validating this 

optimization algorithm into the two phases of procurement and construction.  

7.4.4 Integration of Optimization Tool with Scheduling Application 

As discussed in Chapter Five, the optimization tool was set up in Microsoft Excel, 

and schedule network calculations carried out in Microsoft Project. This separation made 

developing and checking the algorithm easier, but it also had some negative impacts on 

the algorithm speed and ease of use. One recommendation is to integrate the optimization 

tool and network schedule calculations within one application. This will have several 

benefits to the algorithm: 

a. reducing the complexity of algorithm application for professionals, 

b. improving speed and performance of the algorithm, because there would be no need 

to have OLE links between two applications, 

c. allowing use of multiple calendars for different activities and resources (Microsoft 

Excel does not have the capability to work with multiple calendars), 

d. being available for risk analysis on the optimization result subsequent to each run, 

which would make the analysis easier and more fully integrated. 

Integration might best be accomplished either in Microsoft Project or Primavera 

Project Planner. These two applications are widely used for developing and updating 

project schedules, and will make the algorithm utilization more user-friendly. Proposed 

formats for accelerating and overlapping input forms are presented in Appendix D. 
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Appendix A: Real Industrial Case Study Schedule (Page 1/2) 
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Appendix B: Accelerating Inputs for Validation Case Study Project from Company Experts 

 

 

 

No. Activity

Critical 

(Y/N)

Typical 

Duration 

(Days)

Typical 

Hours

Typical Hours per 

day (Calculated)

Crashable 

(Y/N)

More Resource 

Engagement (%)

Max. Reduced 

Duration  

(Days)

Required Crashed Hours 

per day (Calculated)

Total Crashed 

Hours 

(Calculated)

Loss of 

Productivity (%) 

(Calculated)

Additional 

Hours 

(Calculated)

1 Plot Plan - Re IFD Y 39 80 2.05                        N 2.05                                     -                     0% -                

2 Module Key Plan - Re IFD Y 40 40 1.00                        Y 200% 14 3.00                                     42.0                   5% 2                    

3 30% Model Review Y 2 40 20.00                      N 20.00                                   -                     0% -                

4 Plot Plan - IFC Y 20 80 4.00                        Y 120% 10 8.80                                     88.0                   10% 8                    

5 Equipment Location Plan-IFC N 20 40 2.00                        N 2.00                                     -                     0% -                

6 Piping Routing Modeling Y 50 14 0.28                        N 0.28                                     -                     0% -                

7 60% Model Review Y 3 40 13.33                      N 13.33                                   -                     0% -                

8 60% Model Review Tag Resolution N 20 80 4.00                        Y 120% 10 8.80                                     88.0                   10% 8                    

9

Piping Routing Modeling and Stress Analysis Small Bore 

Pipes Y 60 14 0.23                        N 0.23                                     -                     0% -                

10 90% Model Review Y 3 40 13.33                      N 13.33                                   -                     0% -                

11 90% Model Review Tag Resolution N 20 80 4.00                        Y 120% 10 8.80                                     88.0                   10% 8                    

12 Plot Plan - Re IFC Y 40 80 2.00                        Y 400% 10 10.00                                   100.0                 25% 20                  

13 Piperack Module ISOs Y 148 28000 189.19                    Y 50% 120 283.78                                34,054.1           22% 6,054            

14 Piperack Module - General Arrangement DWGs - IFI Y 129 40 0.31                        Y 200% 50 0.93                                     46.5                   16% 7                    

15 Process Module ISOs Y 48 14000 291.67                    Y 30% 45 379.17                                17,062.5           22% 3,063            

16 Process Module ISOs - General Arrangement DWGs - IFI N 46 40 0.87                        Y 150% 20 2.17                                     43.5                   9% 3                    

17 Fabrication - P/R Modular Pipe Spools N/A 100 N/A -                                       -                     0% -                

18 Stick Built ISOs Y 62 4 0.06                        N 0.06                                     -                     0% -                

19 Piping Installation Details (Spring Support) - IFC Y 40 40 1.00                        N 1.00                                     -                     0% -                

20 Fabrication - Process Module Pipe Spools N/A 108 N/A -                                       -                     0% -                

21 Module Assembly - P/R N/A 130 N/A -                                       -                     0% -                

22 Module Delivery - P/R N/A 40 N/A -                                       -                     0% -                

23 Fabrication - Stick Built Pipe Spools N/A 160 N/A -                                       -                     0% -                

24 Module Assembly - Finger & Process Module N/A 130 N/A -                                       -                     0% -                

25 Module Delivery - Finger & Process Module N/A 35 N/A -                                       -                     0% -                
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Appendix C: Research Validation Questionnaire 

 

Dear Sir/Madam,  

The purpose of this questionnaire is to gather expert’s opinion on the developed 

accelerating/overlapping model. The collected information will be used only for validation of 

the PhD research in Schulich School of Engineering at University of Calgary. Your 

participation is voluntary and you may refuse to participate at any time. 

Thank you for your kind attention and support. 

Kamran Hazini 

 

Work Experience 

Less than 15 years         More than 15 years and Less than 25 Years  More than 25 

Years  

 

Type of the Company 

Owner         EPC Contractor   Vendor/Supplier    Other  Please 

Specify:  

 

Position: 

1. To what extent do you agree that the presented accelerating/overlapping model is 
logically correct? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

2. To what extent do you agree that the presented accelerating/overlapping model reflects 
the real world practice? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 
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3. To what extent do you agree that all essential elements have been addressed in the 
model? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

4. To what extent do you agree that the presented accelerating/overlapping model is too 
complicated? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

5. To what extent do you agree that the presented accelerating/overlapping model is too 
simple? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

6. To what extent you would you like to incorporate the developed model in your project? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

7. To what extent do you think the input data and information for the model can be collected 
for critical activities in projects? 
a. Strongly agree 
b. Agree 
c. Neither agree nor disagree 
d. Disagree 
e. Strongly disagree 

 

8. Please write your further comments (if any). 
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Appendix D-1: Accelerating Input Form 
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Appendix D-2: Overlapping Input Form 
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Appendix E: Developed Program (ScheduleAccelerator) Source Codes 

Original Population Generation Sub-Program Source Codes 

 

Sub Population_Generation() 

    ' Original Population_Generation Macro 

    Dim d(20) As Integer 

    i = 3 : r = 1 

    Application.Calculation = xlManual 'Sets the Excel calculations to 

manual 

    Application.CalculateBeforeSave = False 

    Application.AutoRecover.Enabled = False 

    Application.ErrorCheckingOptions.BackgroundChecking = False 

    ActiveWorkbook.UpdateLinks = xlUpdateLinksNever 

    ActiveWorkbook.UpdateRemoteReferences = False 

    ActiveWorkbook.SaveLinkValues = False 

    Sheets("Calculation").Range("W8").FormulaR1C1 = "x" : 

Sheets("Calculation").Range("W9").FormulaR1C1 = "" 'Determines if 

program creates original population or optimizing the population 

    filename = Application.GetOpenFilename("Microsoft Project Files 

(*.mpp), *.mpp") 'Asks MSP file path to open it 

    Start = Timer 'To calculate the run time, sets the start time 

20: Sheets("Calculation").Range("BY11").FormulaR1C1 = "x" : 

Sheets("Calculation").Range("BY19").FormulaR1C1 = "" 

    Sheets("Calculation").Calculate() 

30: Link_update() 'Updates OLE link between Excel and MSP 

    Sheets("Calculation").Range("CI2:CO9").Calculate() 

    If Sheets("Calculation").Range("BY11").FormulaR1C1 = "x" Then 

        Sheets("Calculation").Range("BW3:BY3").Calculate() 

        ' Checks if MSP calculated the overall duration and syncs with 

Excel 

        ' ----------------------------------------------- 

        yy = Sheets("Calculation").Range("BY3").Value 

        xx = Sheets("Calculation").Range("CI3").Value 

        If Int(yy) <> Int(xx) Then GoTo 30 

        ' ----------------------------------------------- 

    Else 
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        If Sheets("Calculation").Range("BY19").FormulaR1C1 = "x" Then 

            Sheets("Calculation").Range("BW4:BY4").Calculate() 

            ' checks if MSP calculated the overall duration and syncs 

with Excel 

            ' ----------------------------------------------- 

            yy = Sheets("Calculation").Range("BY4").Value 

            xx = Sheets("Calculation").Range("CI3").Value 

            If Int(yy) <> Int(xx) Then GoTo 30 

            ' ----------------------------------------------- 

        End If : End If 

    d(r) = Sheets("Calculation").Range("BW4").Value 

    If r > 1 And d(r) = d(r - 1) Then dx = dx + 1 

    If dx = 2 Then dx = 0 : GoTo 100 

    Sheets("Calculation").Range("BY11").FormulaR1C1 = "" : 

Sheets("Calculation").Range("BY19").FormulaR1C1 = "x" 

    Sheets("Calculation").Range("B4:BV4").Calculate() 

    Sheets("Calculation").Range("BY11:CC26").Calculate() : 

Sheets("Calculation").Range("BZ3:CC9").Calculate() 

    Sheets("Calculation").Range("CD3:CG9").Calculate() 

    r = r + 1 

    GoTo 30 

100: If d(r) < 105 Then 'Chromosome meets the duration criteria so can 

be copied to Population 

        Sheets("Calculation").Range("B5:BY5").Calculate() 

        Range(Sheet3.Cells(i, 2), Sheet3.Cells(i, 77)).Value = 

Range(Sheet2.Cells(5, 2), Sheet2.Cells(5, 77)).Value 'Copies the 

chromosome data to store 

        i = i + 1 

    End If 

    r = 1 

    If i = 503 Then GoTo 200 'Do we have enough population size? 

    GoTo 20 

200: Sheets("Record").Select() 'Sorting the population from highest 

benefit to the lowest 

    Range("B2:BY502").Select() 

    Selection.Sort(Key1:=Range("BX3"), Order1:=xlDescending, 

Header:=xlGuess, _ 

    OrderCustom:=1, MatchCase:=False, Orientation:=xlTopToBottom, _ 
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    DataOption1:=xlSortNormal) 

    Finish = Timer  'Set end time 

TotalTime = Finish – Start  ‘Calculate total execution time 

    MsgBox("Total Run-Time was " & TotalTime & " Seconds") 'Shows total 

execution time 

1000 End Sub 
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GA Optimization Sub-Program Source Codes 

 

Sub Cross_Over() 

    ' Genetic Algorithm Optimization Macro 

    Application.ScreenUpdating = False 

    Dim d(35) As Integer 

    r = 1 

    Application.Calculation = xlManual 

    Application.CalculateBeforeSave = False 

    Application.AutoRecover.Enabled = False 

    Application.ErrorCheckingOptions.BackgroundChecking = False 

    ActiveWorkbook.UpdateLinks = xlUpdateLinksNever 

    ActiveWorkbook.UpdateRemoteReferences = False 

    ActiveWorkbook.SaveLinkValues = False 

    i = 0 'Total number of runs 

    j = 0 'Counter for mutation 

    filename = Application.GetOpenFilename("Microsoft Project Files 

(*.mpp), *.mpp") 'Asks MSP file path to open 

    Start = Timer 'To calculate the run time, sets the start time 

    Sheets("Calculation").Range("W8").FormulaR1C1 = "" : 

Sheets("Calculation").Range("W9").FormulaR1C1 = "x" 

    Sheets("Cross-over").Range("B18:B19") = 0 'To set Cross-over and 

Mutation counts to Zero 

20: Sheets("Cross-over").Range("BY14").FormulaR1C1 = "x" : 

Sheets("Cross-over").Range("BY22").FormulaR1C1 = "" 

    If j = 10 Then Sheets("Cross-over").Range("A15").Value = "x" : j = 

0 'Mutation to happen every 10 runs 

    Sheets("Cross-over").Calculate() 

    Sheets("Calculation").Range("CD3:CG9").Calculate() 

25: Link_update() 'Updates OLE link between Excel and MSP 

    Sheets("Calculation").Range("CI2:CO9").Calculate() : Sheets("Cross-

over").Range("CI2:CO9").Calculate() 

    If Sheets("Cross-over").Range("BY14").FormulaR1C1 = "x" Then 

        Sheets("Cross-over").Range("BW10:BX10").Calculate() 

        ' Checks if MSP calculated the overall duration and syncs with 

Excel 

        ' ----------------------------------------------- 
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        yy = Sheets("Cross-over").Range("BY10").Value 

        xx = Sheets("Cross-over").Range("CI3").Value 

        If Int(yy) <> Int(xx) Then GoTo 25 

        ' ----------------------------------------------- 

    Else 

        If Sheets("Cross-over").Range("BY22").FormulaR1C1 = "x" Then 

            Sheets("Cross-over").Range("BW11:BX11").Calculate() 

            ' checks if MSP calculated the overall duration and syncs 

with Excel 

            ' ----------------------------------------------- 

            yy = Sheets("Cross-over").Range("BY11").Value 

            xx = Sheets("Cross-over").Range("CI3").Value 

            If Int(yy) <> Int(xx) Then GoTo 25 

            ' ----------------------------------------------- 

        End If : End If 

    d(r) = Sheets("Cross-over").Range("BW11").Value 

    If r > 1 And d(r) = d(r - 1) Then dx = dx + 1 

    If dx = 2 Then dx = 0 : GoTo 100 

    Sheets("Cross-over").Range("BY14").FormulaR1C1 = "" : 

Sheets("Cross-over").Range("BY22").FormulaR1C1 = "x" 

    Sheets("Cross-over").Range("B11:BY11").Calculate() 

    Sheets("Cross-over").Range("BY14:CC29").Calculate() : 

Sheets("Cross-over").Range("BY3:CB9").Calculate() 

    Sheets("Calculation").Range("CD3:CG9").Calculate() 

    r = r + 1 

    GoTo 25 

100: Sheets("Cross-over").Range("CC10:CG10").Calculate() 

    If d(r) < 105 And Sheets("Cross-over").Range("CG10") = True Then 

'Offspring meets the duration and cost criteria so can be copied to 

Population 

        Sheets("Cross-over").Range("B11") = Sheets("Cross-

over").Range("A8") + i 'To register number of run that produced this 

off-spring and either cross-over or mutation 

        If Sheets("Cross-over").Range("B10") = "CO" Then Sheets("Cross-

over").Range("B18") = Sheets("Cross-over").Range("B18") + 1 'To count 

how many solutions are created using Cross-Over 

        If Sheets("Cross-over").Range("B10") = "MU" Then Sheets("Cross-

over").Range("B19") = Sheets("Cross-over").Range("B19") + 1 'To count 
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how many solutions are created using Mutation 

        Sheets("Cross-over").Range("B12:BY12").Calculate() 

        Sheets("Record").Range("B502:BY502").Value = Sheets("Cross-

over").Range("B12:BY12").Value 

        ' Sort the population from highest benefit to the lowest 

        Sheets("Record").Select() 

        Range("B3:BY502").Select() 

        Selection.Sort(Key1:=Range("BX3"), Order1:=xlDescending, 

Header:=xlNo, _ 

        OrderCustom:=1, MatchCase:=False, Orientation:=xlTopToBottom, _ 

        DataOption1:=xlSortNormal) 

        Sheets("Cross-Over").Select() 

    End If 

    r = 1 

    Sheets("Cross-over").Range("A15").Value = "" 

    i = i + 1 : j = j + 1 

    If i < 1000 Then GoTo 20 

    Sheets("Cross-over").Range("A8") = Sheets("Cross-

over").Range("A8").Value + i ' To register total of number of cross-

over runs so far 

    Finish = Timer  ' Set end time. 

    TotalTime = Finish - Start  ' Calculates total time. 

    MsgBox("Total Run-Time was " & TotalTime & " Seconds") 'Shows total 

execution time 

    Application.ScreenUpdating = True 

End Sub 

 

 

OLE Link Update Source Codes 

 

Sub Link_update() 

    ActiveWorkbook.UpdateLink(Name:="MSProject.Project.9|" & filename & 

"!!LINK_274", Type:=xlOLELinks) 

End Sub 
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Appendix F: Research Summary Power Point Presentation 
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Introduction
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• Supervisor: Dr. Janaka Y. Ruwanpura

Centre for Project Management Excellence, 

University of Calgary 



4/27/2013

2

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 4

Definition

• What is schedule compression? 

Schedule compression is to shorten the 

project duration without changing its scope.

• What is the purpose of schedule 

compression?

– Earlier project completion and delivery

– Catching up the occurred delays 

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 5

Benefits of Schedule Compression

• Benefits for Project Owners:

– Earlier revenue from products/services

– Gaining competitive advantage

– Mitigating risk of escalation in commodities and 

labor prices

– Mitigating risk of changes in products’ price and 

demand assumptions during feasibility study
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Benefits of Schedule Compression

• Benefits for Contractors:

– Saving indirect cost

– Meeting clients’ expectations

– Benefiting from contractual incentives

– Mitigating risk of penalties or liquidated damages
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Current Performance of Oil Projects

Source: McKinsey & Company Global Institute, 2012
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• Accelerating: shortening task duration by 

adding more cost (i.e. Crashing or 

Substitution). 

• Overlapping: performing the sequential 

activities in parallel.

Schedule Compression Techniques
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Problem Statement

With all the benefits associated with early 

completion of projects, so far there is not 

any known systematic and practical 

approach towards proper schedule 

development and compression using 

accelerating and overlapping.
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Research Questions

• What activities should be accelerated and to 

what extent to compress the schedule with 

minimum cost?

• What activities should be overlapped and to 

what extent to reduce the duration with 

minimum risk?

• What activities should be both accelerated 

and overlapped and to what extent with 

minimum cost and risk to maximize the 

compression benefit?
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Research Objective

Determining the optimum combination of 

accelerating and overlapping techniques in 

project schedule compression as an attempt 

for maximizing benefit of early completion.
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Research Methodology

• Research is conducted using below methods;

– Literature review

– Observation, interviews, focus groups

– Formulating the problem

– Heuristic method

– Genetic algorithm

– Validation
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Literature Review

• Review performed in three main categories;

– Accelerating Literature 

• Siemens; Moselhi; Burns, Feng & Liu; Demeulemeester, 

Vanhoucke, Herroelen & Elmaghraby; Li & Love; 

Hegazy; Zheng, Ng & Kumaraswamy; Xiong & Kuang

– Overlapping Literature 

• Dillenberger, Escudero, Wollensak & Zhang; 

Evbuomwan & Anumba; Krishnan; Chakravarty; 

Terwiesch, Loch & De Meyer; Bogus, Molenaar & 

Diekmann; Dehghan & Ruwanpura

– Combined Accelerating-Overlapping Literature

• Roemer & Ahmadi

• Gerk & Qassim
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Accelerating Methods

• Crashing: Reduce task duration by adding 

more resources/time

– Adding more resources

– Extended work time (Overtime)

– Multiple work-shifts

• Substitution: Change the method or tool

– Engaging other methods or better applications, 

software

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 15
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Overlapping and its Impact on 

Successor Activities

B

A

R

Overlapping Period Rework Period

Time Saving = Overlapping Period – Rework Period

Preliminary 
Information

Contributing Factors in Rework Period:
• Extent of change in final information,
• Timing of predecessor task completion,
• Progress of the successor task,
• Sensitivity of the successor task to the changes in predecessor. 

Final 
Information
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C
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B

D

E

F

1 3 4 5

G

2

Time
Saving

Analysis of Combined Accelerating & 

Overlapping in a Chain of Activities

R

Accelerated

Overlapped

Time Period

What activities to be accelerated? 

What pair of activities to be overlapped?

Cost-Benefit

Analysis
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Schedule Compression Cost

• Accelerating Cost

– Loss of productivity

– More supervision and coordination

– Overtime

– Logistics

– Acquiring better tools

• Overlapping Cost

– Rework labour cost

– Waste

Compression Cost = Accelerating Cost + Overlapping Cost
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Schedule Compression Benefit

• Benefit of schedule compression is a 

combination of;

– Saved indirect cost

– Offered incentives, bonuses

– Profit of early product marketing

– Earned reputation

– Saved interest on borrowed funds

Compression benefit may be calculated as a monetary value for 

each day of early completion.
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Trade-Off between Cost and Benefit 

of Schedule Compression

Objectives: 

• Maximize Schedule Compression Net Benefit 

(Compression Benefits – Compression Cost)

• Minimize Project Duration

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 21

Algorithms to Solve the Problem

• Two algorithms developed in this study to 

determine the best candidates and degree of 

crashing and overlapping in schedule 

activities;

– Heuristic Algorithm

– Genetic Algorithm (and its tool)
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Heuristic Algorithm

� Step by step procedure

� Easy to implement in projects with limited 

number of activities

� Can be used manually

� Does not guarantee optimal solution
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Genetic Algorithm (GA)

� Suitable for large schedules

� Reaches optimum or close to optimum 

solution

� Does not fall into a local optimum trap

� Provides several solutions to select from

� Developed tool is under Microsoft Office

� Good performance in reaching to an 

acceptable solution within a reasonable time
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Validation

• Research validation is performed in six 

different scenarios;

1. Hypothetical problem (using heuristic)

2. Hypothetical problem (using GA)

2-1 Sole accelerating

2-2 Sole overlapping

2-3 Combined accelerating-overlapping

3. Simplified hypothetical problem (using GA)

4. Real project case study (using GA)

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 25

1 (36 days) 3 (28 days)

4 (48 days)

6 (24 days) 7 (20 days)

2 (30 days) 5 (22 days)

Normal Duration: 110 days
Early Finish Benefit: $1000/day
Optimum Duration: ? days

Hypothetical Schedule Network

110 days

FS+0

FS+0

SS+36 FF+20

FS+0

FS+0

FS+0 FS+0

FS+0
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Hypothetical Problem Inputs

Activity

Accelerating Input Data

Normal Duration Normal M/H Required Max. Crashing Duration

Max. Productivity Loss 

Factor (%)

Labour Rate 

($/h)

1 36 288 30 15.0% $   110.0 

2 30 240 25 10.0% $   110.0 

3 28 224 20 10.0% $   110.0 

4 48 384 40 20.0% $   110.0 

5 22 176 15 17.0% $   110.0 

6 24 192 19 15.0% $   110.0 

6 24 192 19 15.0% $   110.0 

7 20 160 15 20.0% $   110.0 

7 20 160 15 20.0% $   110.0 

7 20 160 15 20.0% $   110.0 

Activity

Overlapping Input Data

Predecessors Relation Type

Min. Lead 

Time 

Max. Lead

Time Rework Function 

Overlapping Cost 

Function 

1 - - - - - -

2 1 FS 0 17 R12= 0.2L12 C12= 900R12

3 1 FS 0 10 R13= 0.1L13 C13= 850R13

4 1 SS 19 36 R14= 0.15L14 C14= 1050R14

5 2 FS 0 22 R25= 0.3L25 C25= 800R25

6 2 FS 0 20 R26= 0.25L26 C26= 1000R26

6 3 FS 0 16 R36= 0.2L36 C36= 1000R36

7 4 FF 8 20 R47= 0.15L47 C47= 950R47

7 5 FS 0 15 R57= 0.05L57 C57= 950R57

7 6 FS 0 6 R67= 0.25L67 C67= 950R67
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Duration (Days)

Total Project Duration (Days)

Validation# 1: Heuristic Algorithm

Duration: 98 days
Benefit: $5,362.0

1 (33 days) 3 (28.3 days)

4 (48 days)

6 (24.5 days) 7 (17.9 days)

2 (30.6 days) 5 (22 days)

106 days
FS-3

FS-3

SS+33

FS+0

FS-2

FS+0

FF+17

FS-3

FS-3
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Validation# 2-1: Sole Accelerating

Duration: 104 days
Benefit: $2,180.0

1 (35 days) 3 (28 days)

4 (48 days)

6 (22 days) 7 (19 days)

2 (28 days) 5 (22 days)

104 days
FS+0

FS+0

SS+35

FS+0

FS+0

FS+0

FF+19

FS+0

FS+0
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Validation# 2-2: Sole Overlapping

Duration: 93 days
Benefit: $6,800.0

1 (36 days) 3 (29 days)

4 (50 days)

6 (26 days) 7 (21 days)

2 (33 days) 5 (24 days)

93 days
FS-15

FS-10

SS+23

FS-6

FS-4

FS-5

FF+20

FS+0

FS-4
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Validation# 2-3: Combined AC & OL

Duration: 90 days
Benefit: $8,154.8

1 (33 days) 3 (27 days)

4 (50 days)

6 (22 days) 7 (18 days)

2 (32 days) 5 (22 days)

90 days
FS-15

FS-10

SS+20

FS+0

FS+0

FS+0

FF+20

FS+0

FS+0
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Validation# 3: Simplified Problem

Duration: 100 days
Benefit: $3,784.8

Original Problem Possible Solutions = 4.17 × 1016

Simplified Possible Solutions = 216 = 65,536

1 (34 days) 3 (28 days)

4 (48 days)

6 (22 days) 7 (18 days)

2 (28 days) 5 (22 days)

100 days
FS-2

FS+0

SS+34

FS+0

FS+0

FS-2

FF+18

FS+0

FS+0
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Validation# 4: Real Project Schedule

Normal Duration: 681 days
Early Finish Benefit: $10,000/day
Optimum Duration: ? days
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Real Project Compression Inputs

No. Activity

Typical Duration 

(Days)

Typical 

Required 

Hours

Max. Crashed 

Duration (Days)

Max. Crashed 

Hours

Max. Loss of 

Productivity

(%)

1 Module Key Plan - Re IFD 40 40 14 42 5%

2 Plot Plan – IFC 20 80 10 88 10%

3 60% Model Review Tag Resolution 20 80 10 88 10%

4 90% Model Review Tag Resolution 20 80 10 88 10%

5 Plot Plan - Re IFC 40 80 10 100 25%

6 Pipe-rack Module ISOs (7,000) 148 28,000 120 34,054 22%

7
Pipe-rack Module - General 

Arrangement DWGs – IFI
129 40 50 47 16%

8 Process Module ISOs (3,500) 48 14,000 45 17,063 22%

9
Process Module ISOs - General 

Arrangement DWGs – IFI
46 40 20 43 9%

No. Predecessor Activity Successor Activity

Overlapping Duration 

(Days)

Rework on Successor Task 

(Days)

1 Plot Plan - Re-IFD Module Key Plan Re-IFD
0 0

40 2

2 Plot Plan – IFC Equipment Location Plan – IFC

0 0

6 0

36 9

3 60% Model Review Tag Resolution Pipe-rack Module ISOs
0 0

148 29

4 60% Model Review Tag Resolution Process Module ISOs
0 0

48 9
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Validation# 5: Optimization Results

Potential Benefit = More than $800,000

Optimized Duration: 583 days
Compression Benefit: $894,169
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Validation# 5: Optimization Steps

Original Population

Optimization 

Results after 

10,000 Runs

1000
2000

3000 4000 5000 6000 7000 8000 9000 10,000
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Algorithm Performance
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Optimization Program Data Flow

O
u

tp
u

t

OLE Links

Microsoft Excel Microsoft Project

OLE Links

- Total Project Duration

- Modified Lead/Lag Times

- Activity Durations

- Overlapping Lead/Lag Times

- Resource Requirements

- Schedule Network

- Resource Titles and Limits

- Time Constraints (if any)

- Activity Durations (Normal & Accelerated)

- Resource Requirements (Normal & Accelerated)

- Overlapping Rework & Cost Functions

- Daily Benefits of Early Completion

- Daily Losses of Late Completion

- Optimum Project Duration

- Activity Durations and Resource Requirement

- Activity Overlapping Configuration

- Schedule Compression Benefit/Loss

User InputUser Input
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Contributions

• To Theory:

– Combined accelerating-overlapping

– Multiple critical paths

– Multiple predecessors and successors, various 

relation-types

– Continuous and discrete inputs

– Determine reaching close to optimum solution

– Resource limitation and schedule constraints
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Contributions

• To Practice:

– Optimize complex schedules

– Partial optimization

– Different optimization objectives



4/27/2013

20

Kamran Hazini, PhD Final Exam – University of Calgary - April 22nd, 2013 40

Recommendations for Future Studies

• Converting the optimization from 

deterministic to stochastic

• Developing accelerating and overlapping 

information database

• Extending the study to procurement and 

construction

• More integration of the optimization tool 

with scheduling applications
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Thank you. Any Questions?


