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Construction Projects involve a large number of participants with often overlapping 

activities. Schedules play a key role in coordination of these activities. A general 

contractor or a construction manager is usually responsible for coordination and has a 

master schedule that covers the scope of the entire project. The individual participants 

have different project management objectives and build schedules for their scope of work 

using different breakdown structures, different levels of detail, different scheduling 

software and different naming conventions. Existing scheduling techniques and software 

provide a robust set of constructs to generate these individual schedules. However, 

coordination of these schedules is a manual iterative task not adequately supported by 

existing theories and software tools.  

 

The primary aim of this research was to provide a framework to enable analysis 

across distributed heterogeneous schedules. The framework presented in this dissertation, 
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schedule mappings, provides a set of constructs to dynamically link individual participant 

schedules to the master schedule. The schedule mappings approach uses the linked 

schedules to facilitate schedule coordination by rapid identification of scheduling 

conflicts. This identification enables rapid initial coordination of schedules and supports 

assessment of scheduling alternatives in response to a schedule change. A software tool 

was developed using Microsoft Visual Basic® programming language as a Shared Add-

in for Microsoft Project®.  

 

This dissertation contributes to state of the art of scheduling by providing a 

framework for reasoning across multiple schedules. From an industry perspective, this 

research makes a contribution by formalizing identification of scheduling conflicts. The 

formalisms and the tool should help industry professionals in rapid assessment of 

scheduling alternatives. The tool enabled the use of the schedule mappings approach by 

industry professionals and was used for validation. The approach was validated in a two 

step process and was shown to be beneficial. 
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1. CHAPTER 1: INTRODUCTION 

1.1 CONTEXT 

Construction processes often have multiple participants, cross organizational 

boundaries, and involve an enormous amount of coordination effort. Construction 

schedules are one example of such distributed processes. Construction schedules are one 

of the most important project controls for construction project management. Schedule 

coordination traditionally has been a distributed and iterative exercise in which the 

General Contractor maintains the master schedule and the other participants schedule 

their activities independently using their individual constraint information. The 

coordination of activities in a distributed heterogeneous environment is a challenging 

exercise, which is not amply supported and explored by existing research. Heterogeneity 

of the problem stems from the participant’s use of different scheduling methods, different 

scheduling software, and modeling of activities at various levels of detail. The distributed 

keyword is used to characterize the interdependent yet autonomous relationships among 

project participants and how they create their schedules independently of each other. 

 

Coordination is an ongoing effort taken on by the General Contractor. This is 

usually a manual effort in which the GC has to make sure that all the participants 

involved in a site activity have a consistent view of their responsibilities. However, the 

General Contractor often has very limited information about the subcontractor’s 

schedules to make any well informed decisions. Traditional approaches overcome the 

added complexity of heterogeneity by prescribing schedule templates, breakdown 

structures, and require participants to use specific software tools. However, this practice 

can lead to multiple schedules for each participant; one for reporting purposes and others 
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for actual monitoring of work on the jobsite. Other approaches require all participants to 

refer to a single schedule that often does not adequately capture their scope of work. 

 

The primary purpose of this research is to identify coordination problems in an 

environment with multiple schedules and to build the necessary models and algorithms to 

support schedule coordination. A solution is sought that would allow participants to build 

and maintain their schedules independently in the way they deem fit to meet their 

business objectives. The research presented in this dissertation aims to support 

coordination of participants’ initial schedules and rapid assessment of scheduling 

alternatives in response to any subsequent changes in the schedule of any participant. 

Figure  1.1 shows the overall schedule mapping framework. The existing systems provide 

a robust set of constructs for the user to generate individual schedules that can be fed into 

decision support tools for analysis. The schedule mappings tools and concepts augment 

the existing system by providing functionality to link multiple schedules to capture the 

constraints of multiple participants in a heterogeneous setting. The highlighted area 

indicates the contributions presented in this dissertation.  

 

1.2 SCOPE AND LIMITATIONS 

This dissertation focuses on the schedule coordination between the General 

Contractors (GC) or Construction Managers (CM) and the Subcontractors. Generally, 

most field work is done by Specialty Contractors or Subcontractors (Subs) whose timely, 

quality performance contributes magnitudes to the success or failure of a project. The 

tools developed as a part of this research are intended for an expert user familiar with the 

details of at least one schedule in a two participant scenario. The current model focuses 

on establishing links across two Critical Path Method (CPM) based network schedules.  
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Figure  1.1 The Schedule Mappings Framework 

The schedule mapping approach is useful for projects where it is expected that the 

participants have a higher degree of formalism of scheduling practices. Figure  1.2 

summarizes the scope of the research presented in this dissertation and highlights areas of 

applicability based upon project complexity and participant scheduling practices. Darker 

areas of the graph highlights projects for which the schedule mapping approach can be 

used in its existing form. The Light shaded portion highlights projects for which some 

additional processing is required before the schedules can be used for the approach. The 
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complexity of the problem for the areas left blank falls beyond the scope of this 

dissertation. For a low complexity project, there is very little incentive for participants to 

invest in the type of coordination effort proposed in this research. The schedules of 

participants with very informal scheduling practices are not considered because they 

would require substantial pre-processing for use with the schedule mapping approach.  

This work focuses on highlighting potential problems and relies on human involvement 

for solution exploration. The intention is to support a decision maker in making 

scheduling decisions by readily identifying problem areas.  

 

 

High

Medium

Low

HighMediumLow

Project Complexity

Formalism of
Scheduling
Practices

 

Figure  1.2 Scope of the schedule mappings approach. The approach is readily 
applicable to projects that fall in the darker area. Additional processing is 
required for projects that fall in the lighter area. 

   

The research presented in this dissertation focuses on temporal constraints only. 

Resource constraints, although key to many participants, are not directly modeled as a 

part of the current framework and are a part of the future research. A temporally 
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consistent schedule is necessary to adequately capture the participants’ resource 

constraints and therefore temporal consistency was pursued as the first step in the 

research.  

 

1.3 READER’S GUIDE 

This dissertation document consists of six chapters. The current chapter 

introduces the problem context and highlights the scope of the research. Chapter 2 begins 

with an example to illustrate the complexity of the problem followed by a review of the 

literature that addresses parts of that complexity. The chapter ends with some summary 

thoughts highlighting gaps in existing research. The research questions formulated to 

address those gaps along with the research methodology are presented in Chapter 3. The 

methodology section also addresses the validation of the schedule mappings approach.   

Chapter 4 describes the details of the schedule mapping approach. Implementation of 

prototypes is also discussed as a part of Chapter 4, which ends with a discussion of the 

role of the user vs. the role of the implemented tools. Existing industry scheduling 

practices are explored in Chapter 5 followed by results of the two step validation for the 

tool. Chapter 6 wraps up the dissertation with conclusions, research contributions, and a 

discussion of future research directions. A set of appendixes is arranged at the end with 

further details to supplement the content presented in the chapters. 
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2. CHAPTER 2: LITERATURE REVIEW 

2.1 MOTIVATIONAL CASE STUDY EXAMPLE 

An exploratory case study was conducted to identify various scheduling problems 

and inconsistencies that arise during the coordination of heterogeneous schedules 

generated in a distributed fashion. The problem discussed here was taken from the work 

done by a Masters student for his thesis (Castro-Raventós 2002). Centex was the general 

contractor for the project and Miller was responsible for the electrical work. Centex’s 

schedule used a typical floor-wise hierarchy, and the activities were modeled with a focus 

on progress monitoring. Centex only modeled its own activities at a finer level of detail 

and activities for Miller were represented at a much coarser level. Miller had a different 

objective for their own schedule and used cost codes based breakdown to maintain tighter 

cost controls.  This instance of divergent scheduling approaches exhibits a few common 

characteristics of schedule coordination on construction projects. The heterogeneity of 

the problem is evident as the participants used different break down structures and levels 

of detail to model their activities. The participants have different project management 

objectives for their schedules (progress monitoring vs. cost control). Figure  2.1 shows 

selected activities from the schedules of the two participants corresponding to the 

activities for Miller, the electrical subcontractor.   

 

The relationship between the activities from the two schedules is not very clear 

owing in part to the independent representations used by the participants. Although these 

selected activities capture the same overall construction task, a detailed analysis reveals 

that there are very few 1:1 correspondences among activities from the two schedules. 
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Most associations are between an activity in one schedule and a group of activities from 

the other schedule (1:m) or between groups of activities from both schedules (m:n).  

 

Centex and Miller both schedule their tasks considering only their respective 

constraints. Miller could be initially bound by Centex to schedule its activities in given 

finite time periods. Such restrictions imposed must be verified by Centex and require 

significant initial coordination. Any subsequent change in either schedule would require a 

similar iterative effort for re-coordination.  

 

 

  

Figure  2.1 Activities from the electrical subcontractor’s schedule and corresponding 
electrical work activities from the GC. 1:1 and m:n activity correspondences 
are also shown. 

 

General Contractor’s Schedule Electric Subcontractor’s Schedule 

Activity 
ID Activity Description Activity 

ID Description 

0211 Elec. Rough in/Equipment/Tie-in 32 0200-Fixtures 
1020 Overhead Elec. Rough in 33 0300-Wiring Devices 
1040 In-wall Elec. Rough in 34 0500-Cable Tray 
1210 Install Light Fixtures 35 0602-Above Grade 
1255 Install Electrical Finishes 36 0900-Single Conductor Wire 
2020 Overhead Elec. Rough in 37 1300-Equipment 
2045 In-wall Elec. Rough in 39 0200-Fixtures 
2090 Install Light Fixtures 40 0300-Wiring Devices 
2110 Install Electrical Finishes 41 0500-Cable Tray 
3020 Install Electrical Finishes 42 0602-Above Grade 
3045 In-wall Elec. Rough in 43 0900-Single Conductor Wire 
3090 Install Light Fixtures 44 1300-Equipment 
3110 Install Electrical Finishes 46 0200-Fixtures 
  47 0300-Wiring Devices 
  48 0500-Cable Tray 
  49 0602-Above Grade 
  50 0900-Single Conductor Wire 
  51 1300-Equipment 
  53 0300-Wiring Devices 
  54 0602-Above Grade 
  55 0900-Single Conductor Wire 
  56 1300-Equipment 

 

1:1

m:n
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The manual process of finding corresponding activities from the two schedules is 

very taxing especially from the point of the GC who has to repeat this process for each 

participant required to submit a schedule. Figure  2.2 shows the informal information that 

effectively has to be re-assessed every time schedules change. Furthermore, the analysis 

of scheduling alternatives in this setting is a manual exercise, which becomes 

increasingly complex with the number of participants involved in a change and the 

number of activities affected. 

 
Centex Vs. Miller Mappings

First Floor

Fixtures

Centex’s Activities Miller’s Activities

1210 Install Light Fixtures 0200-Fixtures32

Other Activities

1040 In-wall Elec. Rough In 0300-Wiring Devices33

1255 Install Elec. Finishes 0500-Cable Tray34

1020 Overhead Elec. Rough In 0602-Above Grade35

0900-Single Conductor Wire36

1300-Equipment37

Second Floor

Fixtures

2090 Install Light Fixtures 0200-Fixtures39

Other Activities

2045 In-wall Elec. Rough In 0300-Wiring Devices40

2110 Install Elec. Finishes 0500-Cable Tray41

2020 Overhead Elec. Rough In 0602-Above Grade42

0900-Single Conductor Wire43

1300-Equipment44

Third Floor

Fixtures

3090 Install Light Fixtures 0200-Fixtures46

Other Activities

3045 In-wall Elec. Rough In 0300-Wiring Devices47

3110 Install Elec. Finishes 0500-Cable Tray48

3020 Overhead Elec. Rough In 0602-Above Grade49

0900-Single Conductor Wire50

1300-Equipment51

Roof

Other Activities

0211
Elec Rough In/Equipment/
Tie In

0300-Wiring Devices53

0602-Above Grade54

0900-Single Conductor Wire55

1300-Equipment56  

Figure  2.2 Associations between groups of activities from Figure  2.1 arranged in a 
floor wise hierarchy 

2.2 LITERATURE REVIEW 

The motivating case example presented in the last section highlights a few of the 

issues related to schedule coordination. The review of literature presented in this section 



 9

was targeted to further refine the problem by answering the following key questions that 

form our understanding of scheduling as a discipline. 

 

• How are the individual schedules generated? (Schedule Representation) 

• How are schedules used on Construction Projects? (Schedule Uses) 

• What coordination approaches exist in literature? (Schedule Coordination) 

 

2.3 SCHEDULE REPRESENTATION 

A mix of scheduling tools and techniques are used by participants to generate 

their individual schedules. The body of literature presented in this section 

addresses the heterogeneity dimension of the problem introduced in the last 

section.  

 

2.3.1 Scheduling Techniques 

2.3.1.1 Critical Path Method (CPM) Networks 

Critical Path Method has been used for scheduling since the 1960s (Kelley 1961). 

Projects are modeled as a series of discrete tasks with time and resources budgeted for its 

completion. The activities are linked to each other, and the links constrain the activity to 

determine its position in the sequence. CPM techniques have been used for construction 

projects since the early days of the method (Antill and Woodhead 1990).  Many General 

Contractors rely on the CPM techniques to build their master schedules (Cole 1991). 

However, the industry has been slow in fully adopting the technique due to the 

apprehensions owners have about the CPM approach (Galloway 2006). The owners often 
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do not fully understand the complexity of the CPM, and GCs misuse the schedules to 

build up claims against the owners (Zack 1992).  

 

 

Figure  2.3 Example of a CPM Schedule 

A recent survey by Galloway (Galloway 2006)  of the construction industry’s use 

of CPM scheduling practices reports that only 47.6% of the owners surveyed always 

required CPM schedules for their projects. Almost two thirds of those owners (72.5%) 

specified CPM scheduling requirements in the contracts. The same study also reports that 

a large number of General Contractors (67%) prepare CPM schedules for their projects 

even when they are not contractually required to do so. The GCs use those schedules for 

many purposes with periodic control of work (85%), developing look-ahead schedules 

(85%), and coordination of subcontractors (82%) leading the list of responses (Galloway 

2006). 

 

2.3.1.2 Line of Balance Method (LOB) 

CPM schedules do not do a good job for projects involving a large number of 

repetitive tasks. The logical links that constrain activities to determine their sequence can 
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be very cumbersome to move if a group of activities needs to be re-scheduled ahead of 

other activities. Flow based scheduling techniques divided the work into groups of 

repetitive tasks; each of these groups can have different production rates. The Line of 

Balance (LOB) scheduling method is a premier example of flow based techniques and 

has its roots in industrial project planning. 
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Figure  2.4 Typical Line of Balance type schedule 

The LOB technique has found limited acceptance in the construction industry. 

This is largely in part due to the popularity of the CPM methods, complexity of the LOB 

technique itself and lack of robust tools that support the method (Arditi et al. 2002; Cole 

1991). The industry survey by Galloway reports that only 20% of the owners required 

linear scheduling methods in their specifications. There have been attempts to combine 

the best of both worlds and create some combination of CPM / LOB technique (Suhail 

and Neale 1994). However, industry professionals often rely on independent schedules 
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and use a mix of the two techniques to satisfy the different needs for their projects (Cole 

1991).   

 

2.3.1.3 Bar Charts 

Gantt charts or bar charts have been used for management of projects since the 

early 1920s (Clark et al. 1922). The bar charts are simple to understand, easy to produce 

and have wide appeal in the construction industry. However, the bar charts do not show 

activity dependencies and can be difficult to maintain when a change in an activity 

requires modifications to other activities (Arditi et al. 2002). Some researchers have 

aimed at extending the capability of bar charts to include site records (Hegazy et al. 

2005). These site records would enable the use of the bar charts for other types of 

analysis, such as delay analysis. 

 
Activity 1

Activity 2

Activity 3

Activity 4

Activity 5

Activity 6  

 

Figure  2.5 Example of a bar chart showing bars for individual activities with no 
precedence information 

Despite its limitations, the simplicity of the bar chart representation has universal 

appeal among the users. The Galloway survey reports that 50% of the owners preferred 

some form of a bar chart representation for project schedules. The General Contractors 



 13

also rely on a mix of CPM and bar charts for their schedules. Bar charts are usually the 

tool of choice for look-ahead schedules that are used by site personnel for day to day 

monitoring of work (Cole 1991).  

 

2.3.1.4 Informal Schedules 

Site personnel for the subcontractors and the general contractors often prepare 

work plans using forms filled by hand. Some foremen have informal plans that are never 

formalized for sharing (Choo 2003). These informal techniques are used for very short 

term planning and are discarded after use and hence termed as “throw away” schedules 

(Russell and Froese 1997).  

 

2.3.1.5 Summary of Scheduling Techniques 

No single technique captures the broad range of needs of the project participants. 

The complexity of the projects, contractual requirements and the scheduling capabilities 

of the individual participants are most often the determining factor in participants’ choice 

of the technique for their respective schedules. The literature indicates that a mix of two 

or more of these scheduling techniques can be found on most projects. CPM, LOB 

schedules are used mostly for the overall project scheduling and bar charts, informal 

schedules are relied upon for look-ahead and short interval schedules. However, the 

review of the literature also shows that CPM is the predominant choice of scheduling 

method, hence, CPM based schedules are used as a starting point for this research. 
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2.3.2 Scheduling Software 

A large number of software tools are available that allow project managers to 

build and maintain their schedules. The prevalent scheduling technique, Critical Path 

Method (CPM) is the widely supported by industry’s choice tools like Primavera Project 

Planner® P3® (Primavera 2008a) , Suretrak® Project Manager (Primavera 2008b) , and 

Microsoft® Office Project® family of products (Microsoft 2007).  

 

The Galloway survey (Galloway 2006) found that Primavera was the choice 

software specified by owners (60%) with a minority of owners specifying MS Project 

(20%) as a software requirement. The choice of software for General Contractor followed 

a similar trend. Most of these software tools allow resource and cost loading but only a 

minority of respondents (30%) found that functionality to be useful. Bar Chart and 

informal schedules are usually prepared either by hand or by using word processing 

software. During the industry interviews, the author found Microsoft Excel® to be the 

popular choice for short interval schedules.  

 

2.4 SCHEDULE USES 

Schedules are used for various purposes and are generated in different ways to 

support higher project management functions. The GC, concerned with the overall 

project performance, prepares a CPM based master schedule and relies on short interval 

look-ahead schedules for monitoring site activities. Figure  2.6 highlights the primary 

reasons of use of CPM schedules by the GCs as reported by Galloway (Galloway 2006).  

 

The subcontractors, who do most of the actual work on the jobsite, rely on the GC 

for overall guidance but prepare their own detailed schedules for monitoring their 
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activities. Subcontractors often maintain separate schedules for reporting purposes and 

for actual use on the jobsite especially when they believe that the GC’s schedule doesn’t 

adequately represent their scope of work (Dossick and Schunk 2007; Galloway 2006). 

Figure  2.7 highlights general uses of the CPM schedules by all participants on the 

projects.  

 

 

Figure  2.6 Primary reasons for using CPM ranked by general contractors (Galloway 
2006). The horizontal axis shows the percentage of the respondents ranking 
the reason as high use. 

In addition to maintaining a schedule for each project, subcontractors often 

maintain an organization wide resource schedule to ensure proper utilization. These 

schedules, mostly in the form of bar charts, are used to move resources between projects 

and to ensure that the subcontractor is not overcommitted for any given time period. 
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Figure  2.7 Primary uses of CPM scheduling ranked by all parties (Galloway 2006) The 
horizontal axis shows the percentage of the respondents ranking the reason 
as high use. 

 

2.5 SCHEDULE COORDINATION 

2.5.1 General Contractor - Subcontractor Relationship 

In order to understand the coordination approaches employed by the coordinators 

on construction projects, it is important for us to first understand the dynamics of the 

General Contractor –Subcontractor relationship. A number of studies report on the nature 

and complexity of the short term affiliations. Key findings from them are presented in 

this sub section. 

 

Hinze and Tracey (Hinze and Tracey 1994) report on the nature of the 

Subcontractor – General Contractor relationship from the subcontractor’s view. The 
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study highlights the short term project specific nature of the relationship with 10s to 100s 

of subcontractors employed by the contractors on different projects during the course of a 

year. The relationship ranges from team like arrangements to more adversarial settings 

with very little communication. Although many subcontractors rely heavily on the GC for 

guidance and coordination, the researchers found that a majority of subcontractors 

monitor project progress on their own. The management of relationships between 

different subcontractors was quite variable. A third (39%) of the subcontractors 

interviewed for the study stated that the coordination was done by the general contractor. 

Some subcontractors (21%) reported that the coordination was mutually handled by the 

subcontractors themselves. The researchers summarize that the subcontractors generally 

rely on themselves for management largely in part due to the perception that the GC isn’t 

concerned about the best interests of the subs. 

 

Proctor’s observations  largely confirm findings of the previous study (Proctor 

1996). Proctor attributes most disagreements to the subcontractor’s lack of knowledge of 

the GC’s general and special considerations, construction methods, and schedules. 

However, the GC itself often doesn’t fully understand the sequence of a subcontractor’s 

scope of work and doesn’t adequately reflect that sequence in the GC’s schedule. This 

results in costly delays for the project. Proctor emphasizes the need for the General 

Contractors to play a bigger role in coordination of the subcontractors involved in the 

project as an individual subcontractor cannot always recognize their operations that cause 

conflicts with other participants’ work. 
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2.5.2 Approaches to subcontractor coordination 

General Contractors (GCs) are responsible for coordination of their own project 

tasks as well as the activities of the subcontractors that rely on them for coordination 

(Proctor 1996). The complexity of the coordination tasks has warranted use of personnel 

dedicated to the coordination of participants for some projects (Olsson 1998). At a broad 

level, the coordination approaches used by the GCs can be categorized under two main 

coordination philosophies (Kim and Paulson 2003). 

 

For Tight Centralized Coordination, the aim of the GC is to finish the project on 

time. The GC usually holds the subcontractor to contractually binding dates mentioned in 

their respective contracts. However, the scope of the work is often not clear to the 

subcontractors at the initial contract signing, and the resulting resource variations 

translate to cost over runs for the subcontractor. The GC has to be on top of the things in 

order for this type of coordination to work without any schedule over runs. 

 

The objective of the Loose Centralized Coordination approach is to manage 

project resources to generate schedules workable for all participants. The GC instructs the 

subcontractors to proceed when all preceding activities are finished and, from the GC’s 

perspective, enough project resources are available. The subcontractors can coordinate 

among themselves; however, the overall coordination responsibility still lies with the GC. 

In addition to his coordination responsibilities, the GC plays the role of a mediator in this 

setting. However, the GC’s lack of awareness of the capacity constraints of the individual 

subcontractors can lead to cost and schedule overruns for all participants.  
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2.5.3 What is difficult and what takes time 

The relationship characteristic discussed in the previous section influences the 

complexity of the coordination task. The relationship can be characterized as an 

“interdependent autonomy” where there is a technical interdependence between project 

participants who want to maintain their organizational independence (Higgin and Jessop 

1965). De Saram and Ahmed   did a survey based examination of the challenges posed on 

construction projects (De Saram and Ahmed 2001). They short listed 68 key coordination 

functions to cover all aspects of construction coordination. The survey respondents were 

asked to identify the importance and time required for the activities on a high – medium – 

low scale. The results of the study are shown in Table  2-1. 

 

The Coordination meetings were identified as the highest time consuming activity 

followed by Analysis of project performance and Identification of participants’ 

requirements for use in planning. Follow up with interviews with some of the respondents 

confirmed the invaluable role of coordination meetings in coordination of project 

participants. Management of relationships between the project participants and resolution 

of conflicts also ranked high on the list of time consuming tasks.  

 

Identification of strategic activities and potential delays was found as the activity 

perceived be the most important. Adherence to schedules and maintenance of site 

records, relationships were identified as the next two tasks. Another study (Jha and Iyer 

2006) used the same construction tasks identified by De Saram and Ahmed and 

administered the questionnaire to a different set of respondents. A two step questionnaire 

affirmed the findings of the previous study. 
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Table  2-1 Construction Coordination Activities Ranked high in Importance and Time 
Consumed (De Saram and Ahmed 2001)  

2.5.4 Tools for Coordination 

Many researchers have looked at ways to support coordination by combining 

information about participant constraints in one place. Choo et al (Choo et al. 1999) 

deploy a constraint checklist approach where schedules are statused and planning 

managed by a general contractor who has input from subcontractors about the status of 

their work. Figure  2.8 shows a screen shot for WorkPlan, the tool developed to support 

these functions. WorkPlan relies on a significantly detailed master schedule built using a 
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work packaging based methodology. WorkPlan does not consider subcontractor 

schedules, and any information about the subcontractors’ constraints has to be manually 

entered into the system by the user.  For each work package, the tool allows a user to set 

constraints related to contract, engineering, materials, labor and equipment, and 

prerequisite work and site conditions. The coordinator can check these constraints, and a 

work package is only released for construction when all the constraints specified have 

been satisfied.  

 

 

 

Figure  2.8 Work Package constraint based coordination tool - WorkPlan (Choo et al. 
1999).  
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Sriprasert and Dawood (Sriprasert and Dawood 2003) take the concept of 

combining information in one place a step further and incorporate subcontractor 

schedules within a master schedule. Figure  2.9 shows a screen shot of the tool named 

Lean Enterprise Web-Based Information System (LEWIS). Automated planning and 

coordination is conducted with a set of decision rules and based on a 4D computer model. 

However, such detailed analysis requires that all subcontractor schedules exist at a 

predetermined level of detail (1 of 4 levels) and are closely tied to the general contractor 

schedule. The LEWIS system accomplishes that by requiring that all the schedules be 

coded using the Uniclass classification system (CPIC 1997) with a common level of 

detail. 

 

Figure  2.9 Web based Information System - LEWIS (Sriprasert and Dawood 2003) 
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Kim and Paulson (Kim and Paulson 2003) describe an agent based approach to 

negotiating response to a schedule change via utility functions for each agent by a 

compensation approach. The approach named Agent Based Compensatory Negotiation 

(ABCN) proposes an elaborate negotiation protocol, which would use the utility 

functions to compensate the participants affected by the change. Figure  2.10 shows a 

screen shot for the prototype. The approach requires a high level of sophistication on the 

part of the participants involved, where computer programs (agents) represent the 

interests of each subcontractor. The agents can then negotiate among themselves to reach 

a workable solution. However, Kim and Paulson point out that the ABCN methodology 

significantly increases in complexity with the number of activities and is not scalable. 

ABCN would not reach a solution in a scheduling environment where there is no clean 

split between participants’ scope of work, and the schedules have multiple entry and exit 

points as is usually the case on construction projects. 

 

 

Figure  2.10 Agent Based Compensatory Negotiation Tool (Kim and Paulson 2003) 
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2.5.5 Summary of Schedule Coordination  

Coordination of schedules is a complex task, which is performed in a manual 

iterative fashion by the party usually responsible for the overall project coordination. The 

key coordination tasks are very time consuming and are not adequately supported by the 

current tools and theories. Rapid identification of potential delays well in advance and 

capability to access schedule alternatives in response to changes is missing from the 

existing tools.  

 

Although General Contractors or Construction Managers usually play that role, 

subcontractors are often asked to coordinate their work with other participants on the 

project (Dossick and Schunk 2007). The nature of the project, complex relationships 

between participants, heterogeneity of the schedules, and dynamic nature of construction 

itself present key challenges in schedule coordination.  

 

Existing tools for coordination assume adherence to a view that the general 

contractor maintains a master schedule and that subcontractor schedules, when they exist, 

are ancillary to the master schedule. In addition, these tools approach the problem in a 

homogeneous context where all participants strongly prescribe to some application 

specific set of rules for their schedules. 

 

2.6 SUMMARY OF LITERATURE REVIEW  

In his review of the broad literature on scheduling, Smith (Smith 2005) asserts 

that existing tools and technologies are scalable, flexible, and support optimization to 

generate high quality schedules under various constraints. However, Smith notes that in 

spite of these accomplishments, we lack the fundamental capability to generate sound 
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schedules under complex constraints and preferences, and we possess limited capabilities 

to manage changes in unpredictable and dynamic execution environments. Further, for a 

schedule to be of real value in managing changes, the updates have to keep pace with the 

execution in a dynamic environment. Smith makes these critiques with the view that 

traditional scheduling solutions view scheduling as a static optimization problem whereas 

in practice the schedule management is a distributed coordination problem where activity 

status changes over time.  

 

Smith’s broad view across domains is applicable to construction, where there are 

a variety of techniques to represent schedule activities. Our review of the body of 

literature highlights this heterogeneity of schedules. Coordination of schedules as 

supported by existing literature is a manual iterative exercise undertaken by the General 

Contractor (GC). The GC has limited knowledge about the individual participants’ 

constraints (O'Brien et al. 1995) and is often not fully aware of the complexity of the 

subcontractors’ trades. The coordination process is fairly complex for projects where 

participants prescribe to the same breakdown structures and level of detail for their 

activities. Existing tools rely heavily on this homogeneity and provide basic support for 

schedule coordination. The complexity introduced by the heterogeneity of the schedules 

is not supported by the existing literature. 

 

A lot of research in the domain of construction scheduling has focused on more 

elaborate solutions to scheduling problems. Hendrickson and Au (Hendrickson and Au 

2003) note that the more important innovations in the domain of construction scheduling 

are more likely from areas of research focusing on ease of use, data representation and 

storage, communication and diagnostic, interpretation aids. Along the same lines, the aim 
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of the research presented in this dissertation is to provide a framework necessary for rapid 

diagnosis of problems, and to facilitate interpretation of conflicts that span multiple 

schedules.  

 

From a modeling of relationships perspective, the literature review shows that 

existing research and theories provide a robust set of constructs to capture the 

relationships between individual activities that form a schedule. However, the same 

constructs allow only basic modeling of constraints and associations between activities 

that belong to multiple schedules. The existing formalisms do not capture the associations 

between groups of activities within a schedule or between activities from different 

schedules and do not support modeling of relationships shown in Figure  2.2. 

 

Referring back to the case example presented in this chapter (Figure  2.1), both 

participants schedule their activities independent of each other with very little 

information captured about the other participants’ constraints. The relationship between 

the activities from the two schedules is not very clear from the independent 

representations used by the participants. More importantly, there is no clear way to assess 

the impact of a delay in an activity from Miller’s schedule on one or more activities from 

Centex’s schedule and vise versa. In addition, the impact of a change in any one activity 

in Miller’s schedule on activities in other Subs’ schedules is not rapidly ascertainable in 

the current setup. Existing scheduling and coordination techniques, which largely focus 

on a single schedule, do not fully support to the coordination of multiple schedules; 

whether for initial schedules or for evaluation of alternatives in response to a schedule 

change.  
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3. CHAPTER 3: RESEARCH QUESTIONS AND METHODOLOGY 

3.1 RESEARCH QUESTIONS 

The broad objective of the research presented in this dissertation was to provide a 

framework to support the coordination of distributed heterogeneous schedules. The thesis 

statement is that the capability of reasoning across multiple participants’ schedules will 

improve schedule coordination by enabling rapid and informed assessment of scheduling 

alternatives. The directions from existing theories and practice of scheduling and the 

findings of our exploratory case study lead us to the following research questions. 

 

3.1.1 Research Question 1: Linking of Schedules 

 

How can we establish relationships between distributed heterogeneous schedules? 

 

Existing scheduling theories and tools do not adequately support relationships 

between multiple schedules. The support is totally lacking for relationships between 

groups of activities and across heterogeneous schedules. Some form of informal 

knowledge exists about the correspondences between activities from different schedules 

(Figure  2.2). This research question aims to provide a language to formalize the existing 

knowledge in a manner that is dynamic, reusable, flexible, and scalable. Incompatible 

schedule breakdown structures and different levels of detail used to model the activities 

complicate the discovery and modeling of the relationships. This research question 

explores the types of conflicts that can be identified by using these new relationships. 
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3.1.2 Research Question 2: Support for Coordination 

 

How can we facilitate coordination of distributed heterogeneous schedules? 

 

In order to adequately answer this question, it is important for us to first answer 

two sub questions:  

 

(1) What are the key existing scheduling functions and processes?  

(2) How will the new constructs change the current scheduling practices?  

 

The answers to these sub questions will also identify the information required for 

schedule coordination. This research question does not entail explorations of the complex 

solution space and aims to highlight conflicts in a readily identifiable manner, which can 

be then resolved by human intervention. A complete answer to this research question 

would facilitate schedule coordination by providing tools that fit in with current practices 

and enable rapid assessment of schedule alternatives. Key challenges for this question 

stem from the wide range of participants’ scheduling practices, access to participants’ 

individual constraint information, and project complexity. 

   

3.2 METHODOLOGY 

The research presented in this dissertation was carried out in two phases. Figure 

 3.1 depicts the overall view of the research methodology. Each of the steps is discussed 

in detail in this section. 
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Figure  3.1 Two Phase Research Methodology 
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3.2.1 Research Phase I: Exploration and Problem Definition 

3.2.1.1 Problem Definition 

Scheduling is a broad area of research with many interesting problems. This 

research started with an exploratory case study to better understand the issues in schedule 

coordination (Section  2.1). A review of literature was conducted to familiarize with the 

existing body of knowledge (Section  2.2). Points of departure from the existing research 

were identified and used to formulate the research questions for this research (Section 

 3.1).  

 

Case Study Research
Questions

Literature
ReviewProblem Definition

 

Figure  3.2 Problem Definition Part of Research Phase I. An exploratory case study 
guided the literature review. Gaps identified from the literature review were 
used as motivation to formulate the research questions. 

This dissertation focuses on coordination of heterogeneous schedules generated in 

a distributed fashion. However, the results of this research are also applicable to projects 

that use a single template to generate individual participant schedules. Homogeneity can 

simply be treated as a special case (1:1 match) of the more complex (m:n) type 

relationships. 

 

3.2.1.2 Model Development 

The problem definition part of the first phase helped narrow the scope of the 

research. The model development phase started with a review of other bodies of 
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knowledge. Concepts from computer networks were used to formulate the logical concept 

for the Schedule Mapping Approach presented in this research (Section  4.2). The 

framework, based on the tree based database indexing structures from the computer 

sciences literature, was formulated by the author to capture the information presented in 

Figure  2.2. The concepts from the indexing structures, intended for spatial data, were 

modified to handle temporal information for use with schedule information. A new set of 

constructs were required to capture the complexity of the relationships between groups of 

activities (Section  4.3). Ideas from Join Indexes (Ramakrishnan and Gehrke 2003), used 

to link database tables, were employed to conceptualize the representation of association 

between groups of activities from different schedules (Section  4.5).  

 

 

Application Development and Testing

Model Development
Algorithms, Formalism, Refine Problem Definition,

Information Representation

Model Development

 

Figure  3.3 Model Development part of the Phase I. A prototype was implemented and 
results were used to refine the framework. 

A series of tools were implemented (Section  4.7.1), which helped refine the 

schedule mapping approach. The model was thoroughly tested using synthetic examples 

to identify shortcomings of the implementation and the framework. The output of the 

model development phase effectively provides a framework that satisfies the first 

research question (Research Question 1: Linking of Schedules) by introducing constructs 

to link distributed heterogeneous schedules. 
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3.2.2 Research Phase II: Validation 

3.2.2.1 Data Collection 

The output of the first phase of the research was a framework and research 

prototypes used for of proof of concept. It was determined that a new prototype was 

needed for use by users other than the author and for easy deployment. The new 

prototype was developed as an Add-in for MS Project ® (Section  4.7.2). Additional 

details of the prototype implementation are mentioned (Appendix - C: Schedule 

Mappings MS Project® Add-in) at the end of this dissertation. 

 

 

Data Collection
Current

Process Models
Industry

Interviews
Prototype

Development

Case Examples
Process Changes for Proposed Model

 

Figure  3.4 Data collection part of Phase II of the research. Interviews were conducted 
with practitioners to identify existing processes, to develop a new prototype, 
and to identify changes required to the existing processes. 

 

Our review of literature showed that CPM is the predominant scheduling method 

for construction scheduling. However, there is very little information in literature about 

the steps followed to generate these schedules. Similarly, there is limited information 

about the industry practices relating to schedule changes. To better understand the 

existing practices and the role of schedule mappings, a series of interviews (Section  5.2) 

were conducted with a group of industry partners using an interview guide. The interview 
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guide is attached at the end of this dissertation as Appendix – D: Interview Guide. The 

findings of the interviews were used to model the existing schedule generation and 

schedule coordination processes (Section  5.3). The models were verified by discussions 

with the same partners as well as other industry practitioners during the course of the 

validation. These models provide a general overview of the industry scheduling practices 

and help us identify how the schedule mapping approach would affect these practices. 

However, these models are not meant to be a final word on the state of scheduling 

practice. 

 

3.2.2.2 Validation  

The primary object of the validation exercise was to determine the usability and 

usefulness of the schedule mapping approach. The usability and usefulness in this context 

can be determined by answering the following three questions: 

 

Is the approach understandable? 

The answer to this question would determine if the schedule mappings concepts 

can be understood by users other than the author and the researchers involved in 

development of the schedule mapping approach.  

 

Is the approach deployable? 

The second prototype was developed to facilitate the use of the schedule mapping 

approach on ongoing projects. An answer to this question would identify the process 

changes required for the deployment of the schedule mapping approach. To fully 

understand the required changes, it is important to differentiate between the role of the 

user and that of the schedule mapping tool.  
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Figure  3.5 Two part Validation for the Schedule Mappings Approach. A Charrette Test 
inspired validation was followed by application on ongoing construction 
projects 

Is the approach viable? 

The model development phase of the research involved a series of internal 

validations and refinements using the first prototype. The approach would be viable only 

if it can be used to identify schedule conflicts in a reasonable time frame. In addition, an 

answer to this question would identify the value added by the schedule mappings 

approach. 

 

The validation of the schedule mappings approach was carried out in two steps 

using the MS Project and the Schedule Mappings Add-in. A series of test cases, inspired 

by the Charrette Test Method, were conducted followed by the application of the 

approach on three ongoing construction projects. The understandability of the approach 

was determined using the Charrette Test inspired examples. The feedback from the users 

was an indicator of their understanding of the schedule mappings concepts. The burden 

on the user and the process changes required for the schedule mappings approach were 

determined using the results of the industry interviews. The application of the approach to 

the 3 ongoing projects was used to demonstrate the viability of the schedule mappings 

approach. Table  3-1 summarizes the methodology followed to answer the validation 
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questions. Details of the Charrette Inspired cases and the Industry Project Cases are 

presented next.  

  

Validation Question Supporting Evidence 

Understandable Charrette Test Inspired Cases, User 
Feedback 

Deployable Researcher’s Observations, Industry 
Interviews 

Viable Researcher’s Observations, User Feedback, 
Industry Project Test Cases 

Table  3-1 Summary of validation questions and the supporting evidence  

Charrette Test Inspired Test Cases 

The first series of tests were inspired by the Charrette Test Method (Clayton 

1998). Two test cases were generated using a published schedule (Chester and 

Hendrickson 2005). A group of mostly graduate students with industry work experience 

were asked to set up the schedule mappings for the cases and identify any initial 

scheduling conflicts. The users were also asked to identify conflicts after a schedule 

change was introduced. Time taken by the users was recorded automatically by the tool 

and the number of conflicts identified was also determined (Section  0).  

 

The conflicts were compared against a set of known conflicts introduced into the 

cases by the researcher to get some sort of a quantitative assessment of the understanding 

of individual users. For the time readings, it was difficult to get a clear quantitative 

assessment of the overhead of the schedule mappings approach. There is a learning curve 

associated with the approach as well as the prototype developed for validation. In 

addition, the users are not familiar with the schedules used in the test cases. To minimize 
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the impact of unfamiliarity with the schedules, the researcher gave the users an 

orientation of the schedules for each example.  

  

Unlike the Charrette Test method where performance metrics are compared across 

two different processes, the results from our testing were compared against a set of 

known conflicts introduced by the researcher. The purpose of these examples was to get a 

quantitative assessment of the users’ understanding of the schedule mappings approach.  

 

Industry Project Case Studies 

The viability of the schedule mappings approach can be demonstrated by its 

application to real life projects. The schedule mappings add-in was used on three cases in 

different stages of construction to provide a validation for the approach on large projects. 

The cases were taken from on going projects in the United Kingdom. The first case was 

of a hospital building project involving a building envelope subcontractor. The schedules 

obtained for the project were from the preconstruction planning phase (Section  5.5.1). 

The second case was a study of an office building project for the same subcontractor. The 

project had been delayed significantly and the analysis was mostly retrospective in nature 

(Section  5.5.2). The final case was for a food processing factory being built in China for 

which a UK based company was providing planning and schedule coordination services 

on behalf of the general contractor. The researcher worked with the senior planner on the 

project to explore the coordination issues for a project during execution (Section  5.5.3).  
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4. CHAPTER 4: SCHEDULE MAPPINGS APPROACH1 

4.1 OVERVIEW AND ASSUMPTIONS  

 The schedule mappings approach helps to achieve coordination while allowing 

users to maintain their own, uniquely suited schedules. A key assumption for the 

approach is that both the GC and the Sub have a computerized network schedule.  While 

this is not always the case our field research does indicate that subcontractors do have at a 

minimum implicit schedules that can be formalized (such formalization is the subject of 

future research). The GC’s schedule is the backbone of the schedule mappings method 

since it provides an account of high-level interactions between different participants. 

Discussion in this dissertation focuses only on temporal constraints, which by themselves 

pose a significant challenge for coordination. A two-party case is first considered that can 

be extended to a multi-party scenario, the details of which are described in the later 

sections. The problem is considered from the perspective of the General Contractor (GC) 

but the point of view can easily be shifted to show the subcontractor’s constraints. Basic 

schedule information, including start and finish dates, unique activity identifiers and 

precedence constraint information, is required for any meaningful analysis using the 

schedule mappings approach. 

 

4.2 THE CONCEPTUAL FRAMEWORK – OVERLAY OF NETWORKS 

The basic challenge with schedule process integration is that firms’ differing 

representations must be linked so that useful coordination tasks can be accomplished. For 

example, it is useful for managers to know that differing representations are reconciled 

                                                 
1 Parts of this manuscript have been published in (O’Brien et. al 2008; Siddiqui and O’Brien 2008) 
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with respect to the time activities are to take place. Similarly, it is useful to be able to 

explore and recommend alternatives when changes in schedule are needed. As a starting 

point for schedule integration, we model different schedules for the same set of 

construction tasks using the traditional network based method(Antill and Woodhead 

1990). A precedence network representation of a set of example schedules is shown in 

Figure  4.1, where each node in the graph represents an activity and the arrows represent 

precedence constraints between the activities. Although they represent schedules for the 

same construction tasks, these networks have a different topology. This heterogeneity of 

the networks stems from the different level of detail used in modeling the activities and 

different constraints of the owners of the schedules. 

 

1

2

3

4 5

6 7

8

9

Coordinator’s Schedule Schedule of the Other Participant

1 2

3 4

65

7

 

Figure  4.1 Different schedule networks for the same physical tasks. The schedules use 
different breakdowns and have a different topology. 

Schedule mapping is the process of identifying corresponding subsets of activities 

within these independent schedule networks, providing a mechanism to reconcile these 

disjoint views (Siddiqui et al. 2006). Mapping allows formal capture of information that 

can help coordinate any changes in either schedule. This process can result in 1:1, 1:n and 

m:n matches between activities where each such match is called a schedule mapping. We 

can recursively discover smaller subsets within these mappings to establish the smallest 
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possible mappings. Figure  4.2 shows the final result of the mapping process down to the 

smallest possible decomposition. The details of the decomposition process are discussed 

later in Section  4.4. 
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NETWORK OF COORDINATING PARTICIPANT ACTIVITIES
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MAPPING NETWORK

 

Figure  4.2 Mapping network viewed as a result of an overlay of two networks. Smaller 
sets of related activities are identified and are summarized as a logical 
mapping network. 

The precedence relationship of the mapping network is also depicted in Figure 

 4.2, using the precedence information of the coordinating firm as a model. The 

coordinating firm is typically the CM or GC on the project that is responsible for the 

master schedule. As such, the coordinating firm directs precedence constraints for any 
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given schedule mapping. In this sense, the mapping process can be considered 

conceptually as an overlay of networks where the coordinating firm determines the 

overall precedence constraints of the final mapping network.  

 

4.3 TERMINOLOGY AND DEFINITIONS 

As presented in the previous section, the mapping approach accommodates 

autonomy by establishing dynamic links among groups of activities from individual 

participant schedules. In order to model the relationships among different schedules, new 

terminology is needed that extends traditional scheduling constructs (Siddiqui et al. 

2006). The terminology introduced in this section is summarized further in the section in 

Table  4-1; additions to traditional scheduling constructs are summarized towards the end 

of the section in Table  4-2.  

 

4.3.1 Participant Roles 

4.3.1.1 Coordinating Participant 

Each project has a master schedule that is owned and maintained by a single firm. 

The owner of the master schedule plays the role of the coordinating participant and 

orchestrates the activities of the other participants to achieve overall project objectives. A 

CM or GC usually plays this role in the construction domain. Information in the 

coordinator’s schedule provides the necessary details about precedence constraints and is 

essential for the schedule mappings approach. 
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4.3.1.2 Controlling Participant 

Multiple stakeholders are involved in a group of activities on a project. These 

project players normally have very different time and resource flexibility around their 

scheduled activities. Rescheduling activities of an overcommitted participant may result 

in very long delays and must be avoided. The stakeholder that imposes the least flexible 

constraints is identified as the controlling participant for that mapping. Constraints of 

such a participant drive the process of validating the mappings and suggesting solutions. 

 

4.3.2  Time Window 

A time window is the duration between the start date and finish date of one or 

more activities, and signifies the maximum time period of the activity or activities. A 

time window T can be mathematically represented as: 

 

[ ]FST ,=  

 

Where S is the start date and F is the finish date for T.  

 

Using the standard representations for temporal intervals, S would correspond to T+ and 

F would indicate T-. 

 

4.3.3 Activity Set 

An activity set is a set of activities selected from the schedule of one participant, 

grouped within an associated time window. Given an activity a and a schedule Sch, 

composed of many such activities, an activity set A can be represented as: 
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}:{ SchaaA ∈= , φ≠A , SchASA∈   

Where SchAS  is the a global set of all activity sets belonging to schedule Sch. 

It must be noted that each activity can belong to only one activity set. Therefore, 

given two activity sets A and B, we can refine the above definition of the activity set as: 

 

}:::{ BaABASBBSchaaA Sch ∉≠∧∈∀∧∈=  

 

Given an activity set A, the associated time window TA can be represented using a 

start date SA and a finish date FA such that: 

 

[ ] aAaAAAA FFSSAaFST ≥∧≤∈∀= :  where,  
Where aS is the Start Date and aF is the Finish Date for an activity a in the 

activity set A.  

 

Subject to the availability of information in the participants’ schedules, the start 

date can be replaced by the Early Start date and the finish date can be replaced by the 

Late Finish date to indicate the largest possible time window for a set of activities as 

perceived by a participant. Other date pairs such as baseline dates or actual dates can be 

used for time windows as well. 

 

4.3.4 Schedule mapping 

A schedule mapping groups related activities from two schedules and is a set of 

two activity sets and their corresponding time windows. Each activity set contains 
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activities from one participant’s schedule only. Given two participants’ schedules, Sch1 

and Sch2, a schedule mapping M can be represented as: 

 

 21  where),,,( SchBSchATBTAM BA ⊂∧⊂=  

 

We use Allen’s Interval Relations (Allen 1983) to represent the relationships 

between the time intervals. Figure  4.3 shows the 13 possible relationships among time 

intervals as identified by Allen.  A mapping is considered valid as long as both the time 

windows line up properly. That is, if A and TA correspond to the GC’s schedule, M is 

valid when 

 AB TdsfT )(=   

Where =, d, s and f are the symbols for equal, during, starts and finishes 

respectively (Figure  4.3) 
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Figure  4.3 Thirteen possible time interval relationships. 7 relationships are pictorially 
depicted. The reverse relationships account for the other 6 possibilities. 
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Figure  4.4 shows a schedule mapping in which two time windows (TA=[S1,F1], 

TB = [S2,F2]), along with their constituent start and finish dates, are shown for the 

mapped activity sets. The outer window, TA, (identified by S1 and F1 in Figure  4.4) 

usually represents the GC’s time window and the inner window represents the 

subcontractor’s time window, TB (S2 and F2 in Figure  4.4).  Figure  4.4 depicts a valid 

mapping as it’s clearly shown that AB TdT )( , which satisfies AB TdsfT )(= . The 

relationships between the time windows of the form other than  AB TdsfT )(=  result in 

invalid mappings, which are discussed later in this chapter.  

 

Time

S1 F1S2 F2

TA

TB{ {Activity Set - A

TA

S1 F1

TB

{ {Activity Set - B

S2 F2

A
B

 
 

Figure  4.4 Two activity sets A and B are mapped into one mapping M. The 
corresponding Time Windows are also shown indication a valid mapping. 

 

4.3.5 Smallest Possible Mapping 

A mapping can be decomposed into smaller mappings when smaller related 

subsets can be found from the activity sets of the participants. If a mapping cannot be 

decomposed any further, it is considered to be a smallest possible mapping. Given the 

mapping M discussed above, M is the smallest possible mapping when there exists no M / 

such that 
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BMYAMXTYTXM YX ..  where),,,(/ ⊂∧⊂=   

 

4.3.6 Unmapped Activities 

Some activities in participants’ schedules do not have any corresponding activities 

in the schedules of any other participant. These activities represent the internal tasks of 

the participant and can sometimes be critical in coordination across participants. These 

activities are called the unmapped activities. Given a schedule Sch1 and all its activity 

sets A that appear in mappings with all other schedules, the set of unmapped activities, U, 

can be formalized as: 

 

}::{ AaASASchaaU Sch ∉∈∀∧∈=  

 
 

Term Notation 

Time Window [ ]FST ,=  

Activity Set 
}:::{ BaABASBBSchaaA Sch ∉≠∧∈∀∧∈=  

φ≠A , SchASA∈   
[ ] aAaAAAA FFSSAaFST ≥∧≤∈∀= :  where,  

Schedule Mapping 21  where),,,( SchBSchATBTAM BA ⊂∧⊂=  

Smallest Possible Mapping BMYAMX
TYTXMM YX

..where
 ),,,( no exists  there: /

⊂∧⊂
=   

 

Unmapped Activities }::{ AaASASchaaU Sch ∉∈∀∧∈=  

Valid Mapping ),,,( BA TBTAM =  if AB TdsfT )(=  

Table  4-1  Summary of the schedule mappings terminology  
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4.3.7 Inconsistencies in Schedule Mappings 

Any relationships among time windows outside the AB TdsfT )(=  relationships are 

considered an internal inconsistency among the participants involved in the selected 

activities. Figure  4.5 shows all possible inconsistencies that could arise in a two-party 

case. Case 1 represents a situation where the two parties disagree on the ending date of 

their activity sets and Case 2 shows a disagreement on the starting dates. Cases 3 and 4 

represent situations where the participants have scheduled their activities in periods that 

do not overlap at all. Case 5 is a special case that represents both Cases 1 and 2 

happening for a single mapping. Various algorithms can be explored as solution 

strategies for these invalid cases. For now, these conflicts can be resolved by the updating 

of the activities of the most flexible participant. For example, Case 1 could be resolved 

by modifying the activities in the activity set for the GC such that they represent a finish 

date of no earlier than F2. Another valid solution could require the subcontractor to 

reschedule its activities such that they finish no later that F1.  

 

 
S1 F1S2 F2

Invalid Mapping Case - 1
TB(sioi)TA

S1 F1S2 F2

Invalid Mapping Case - 3
TB(<m)TA

S1 F1S2 F2

Invalid Mapping Case - 2
TB(ofi)TA

S1 F1 S2 F2

Invalid Mapping Case - 4
TB(>mi)TA

S1 F1S2 F2

Invalid Mapping Case - 5
TB(di)TA

Time Scale

TA - GC’s Time Window

TB - Sub’s Time Window

 

Figure  4.5 All possible invalid cases for a single schedule mapping. The cases, along 
with the valid case, cover all possibilities identified by Allen (Figure  4.3) 
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4.3.8 Relationships between schedule mappings 

Once we have identified and resolved the internal inconsistencies of the 

mappings, we extend our analysis to address the relationships among adjacent mappings. 

The constructs introduced in this section provide variables to formalize the 

interdependent, intertwined nature of relationships among project participants’ activities. 

Mappings can have precedence relationships among themselves.  

 

Consider the two valid mappings shown in Figure  4.6, where Mapping 2 is the 

successor of Mapping 1. These mappings represent two participants’ activities and, when 

grouped into individual mappings, show a precedence relationship between the mappings. 

The time difference between the start and finish dates inside a mapping is termed the 

intra-mapping lag. The intra-mapping lag can either be inherent to the mapping to begin 

with or result from the resolution of invalid cases (See Figure  4.5). The time difference 

between the finish date of Mapping 1 and the start date of Mapping 2 is represented as an 

inter-mapping lag. These lags can be flexible where any delays can be accommodated by 

delaying activities into the time frame represented by the lag. If the delay is greater than 

the available lag, the difference is passed on to the successor as a delay. However, an 

inflexible lag must be maintained by propagating the entire delay to the successors. For 

each precedence constraint among the mappings shown in Figure  4.6, we must satisfy the 

following condition: 

 

S1(Mapping 2) >= F1(Mapping 1) + InterMapping Lag (Mapping 1 – Mapping 2)  
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Let T1, T2 be the outer time windows for Mappings 1 and 2 respectively and L be 

the lag between the two mappings. Using Allen’s notations, the equation can be rewritten 

as: 

 

⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧

++=−∧<≠

=

LTTTTL

TmTL

122)(1   : 0For 

  2)(1  :0For 
    (Equation A) 

 
Mapping 1

S1 F1S2 F2

Mapping 2

S1 F1S2 F2Intra-Mapping Lag

Inter-Mapping Lag

Time Scale  

Figure  4.6 Two mappings with precedence relationship among them. The framework 
allows modeling of the lag between the activities as well the offset within 
the mappings. 

Each precedence constraint among these mappings can impose a different inter-

mapping lag on the successor. If there are no intermediate activities between Mapping 1 

and 2, and there is no lag mentioned as part of the FS relationship among them, the inter-

mapping lag is zero. However, if there are intermediate activities between the mappings, 

this lag can be computed for each constraint between these mappings. The inter-mapping 

lag is the longest time length of the path from the last activity in Mapping 1 to the first 
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activity in Mapping 2 along the path in question. These paths could start from any 

activity in the activity list of Mapping 1 and end at any activity in the activity list of 

Mapping 2. The magnitude of the lag can be determined by using any graph traversal 

algorithm to traverse the GC’s schedule. A relationship among the mappings is 

considered valid as long as Equation A can be satisfied for the longest path between the 

two mappings corresponding to each constraint that exists between the mappings. A 

mapping between two schedules is considered valid when each mapping is valid 

(i.e. AB TdsfT )(= ) and Equation A can be validated for each relationship among the 

validated mappings.  

 

As stated earlier, the notions of lags and flexibility introduced in this section 

provide means to model relationships between the activities of interdependent project 

participants. For example, flexible intra-mapping lags can be used to retain flexibility in 

the Master Schedule and allow a Coordinator to react to schedule changes possibly 

without changing activities of multiple participants.  On the other hand, inflexible Intra-

mapping lags can be used by the Coordinator to ensure enough separation between 

activities of multiple participants that compete for critical project resources. 

 

4.3.9 Summary of Terminology 

The terminology and constructs introduced in this section allow us to model and 

verify the relationships between sets of activities across different participants’ 

heterogeneous schedules. The constructs are flexible and can capture a rich set of 

relationships for common scheduling problems in which tasks are modeled as activities of 

known duration. These concepts build from but add considerably to existing network 
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scheduling concepts (Table  4-2). The discovery of the schedule mappings is introduced in 

the next section.  

 
Terminology and Functions supported 

by existing scheduling tools and research 

New concepts and constructs introduced 

by the schedule mappings approach 

• Activities 

• Milestones 

• Resources 

• Calendars 

• Work Breakdown Structure (WBS) 

• Precedent Constraints between 

Activities 

o Start to Start (SS) 

o Start to Finish (SF) 

o Finish to Finish (FF) 

o Finish to Start (FS) 

• Lag between activities 

• Other Activity Constraints 

o Start / Finish No Earlier / 

Later than a fixed date 

• Precedence Constraints between 

activities from multiple schedules 

o Treated as static constraints 

and do not detect cycles 

• Roles 

o Coordinating Participant 

o Controlling Participant 

• Time Windows 

• Activity Sets 

• Relationship between groups of 

activities from different schedules 

i.e. Schedule Mapping 

• Extending Constraint representation 

to cover Allen’s Interval Relations 

• Lag between two groups of 

activities 

o Inter Mapping Lag 

o Intra Mapping Lag 

• Flexibility of Lag 

 

Table  4-2 Summary of CPM constructs and Schedule Mappings concepts 
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4.4 DISCOVERY OF SCHEDULE MAPPINGS 

The process of discovering the above-mentioned mappings from the schedules of 

the participants is a four-step process (Siddiqui et al. 2006). Figure  4.7 illustrates the 

steps involved in the discovery process. The first step begins by manual discovery of an 

initial mapping between all the activities of the subcontractor and the corresponding GC 

activities (Figure  2.1). The activities can be identified using name similarities, Work 

Breakdown Structure (WBS) commonalities, and resource information from the GC’s 

schedule. This initial mapping serves as a starting point but is a very coarse-grained unit 

for any reasonable analysis. The mapping process proceeds to its second step with 

recursive discovery of smaller mappings between activities; the recursion stops when 

there is one activity left in either activity set or when the mappings cannot be 

decomposed any further. These mappings are the smallest possible schedule mappings 

and provide a useful grouping of corresponding activities. The discovery of the smallest 

possible mappings is facilitated by any WBS information and milestones data that is 

common across the two schedules. Figure  4.8 shows the smallest possible mappings for 

the Centex – Miller example introduced in Section  2.1. We can formalize the discovery 

process using the notations introduced in the terminology section. Given a GC’s schedule 

Sch1 and a Sub’s schedule Sch2, the initial mapping M can be represented as: 

 

21  where),,,( SchBSchATBTAM BA ⊂∧⊂=  

 

The mapping discovery process involves decomposition of M into k smaller 

mappings. Each smaller mapping M / is composed of related activity sets X and Y that are 

subsets of A and B respectively.  
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BMYAMXTYTXM YX ..  where),,,(/ ⊂∧⊂=  

 

The newly discovered k mappings can then be recursively decomposed into k / 

smaller mappings. The recursion stops when M / is the smallest possible mapping i.e. 

when k / is zero. Figure  4.8 shows the smallest possible mappings for the Centex, Miller 

example shown discussed in Section  2.1. The mappings are arranged hierarchically where 

the different levels indicate the intermediate mappings encountered in the decomposition 

process. The initial mapping in this case was decomposed into four smaller mappings (k 

= 4). The first of those smaller mappings, First Floor, was further decomposed into two 

mappings (k / = 2), which were the smallest possible mappings.  

 

The mapping process proceeds with the third step, the discovery of precedence 

relationships among the smallest possible schedule mappings. Because this dissertation 

takes the GC’s perspective, these relationships are dynamically extracted from the GC’s 

schedule. The final step, validation, ensures internal consistency of the smallest possible 

mappings and validates that all precedence constraints among the mappings are valid. 

Details of the validation have been discussed earlier in this chapter.  

 

4.5 REPRESENTATION OF MAPPING INFORMATION 

Once the mappings are established and the relationships deduced, the information 

generated from this process must be stored to suit several purposes: it must avoid 

redundancy; it must provide the capability to store information about different levels of 

detail; it must allow reconstruction of mappings at any level; it must facilitate automatic 

updates on a schedule change; and it must allow efficient queries for the mapping 

information. 
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GC Schedule Sub Schedule

General Contractor’s Schedule Electric Subcontractor’s Schedule

Activity
ID

Activity Description
Activity
ID

Description

0211 Elec. Rough in/Equipment/Tie-in 32 0200-Fixtures

1020 Overhead Elec. Rough in 33 0300-Wiring Devices

1040 In-wall Elec. Rough in 34 0500-Cable Tray

1210 Install Light Fixtures 35 0602-Above Grade

1255 Install Electrical Finishes 36 0900-Single Conductor Wire

2020 Overhead Elec. Rough in 37 1300-Equipment

2045 In-wall Elec. Rough in 39 0200-Fixtures

2090 Install Light Fixtures 40 0300-Wiring Devices

2110 Install Electrical Finishes 41 0500-Cable Tray

3020 Install Electrical Finishes 42 0602-Above Grade

3045 In-wall Elec. Rough in 43 0900-Single Conductor Wire

3090 Install Light Fixtures 44 1300-Equipment

3110 Install Electrical Finishes 46 0200-Fixtures

47 0300-Wiring Devices

48 0500-Cable Tray

49 0602-Above Grade

50 0900-Single Conductor Wire

51 1300-Equipment

53 0300-Wiring Devices

54 0602-Above Grade

55 0900-Single Conductor Wire

56 1300-Equipment

Centex Vs. Miller Mappings

First Floor

Fixtures

Centex’s Activities Miller’s Activities

1210 Install Light Fixtures 0200-Fixtures32

Other Activities

1040 In-wall Elec. Rough In 0300-Wiring Devices33

1255 Install Elec. Finishes 0500-Cable Tray34

1020 Overhead Elec. Rough In 0602-Above Grade35

0900-Single Conductor Wire36

1300-Equipment37

Second Floor

Fixtures

2090 Install Light Fixtures 0200-Fixtures39

Other Activities

2045 In-wall Elec. Rough In 0300-Wiring Devices40

2110 Install Elec. Finishes 0500-Cable Tray41

2020 Overhead Elec. Rough In 0602-Above Grade42

0900-Single Conductor Wire43

1300-Equipment44

Third Floor

Fixtures

3090 Install Light Fixtures 0200-Fixtures46

Other Activities

3045 In-wall Elec. Rough In 0300-Wiring Devices47

3110 Install Elec. Finishes 0500-Cable Tray48

3020 Overhead Elec. Rough In 0602-Above Grade49

0900-Single Conductor Wire50

1300-Equipment51

Roof

Other Activities

0211
Elec Rough In/Equipment/
Tie In

0300-Wiring Devices53

0602-Above Grade54

0900-Single Conductor Wire55

1300-Equipment56

Step 1: Discover Initial Mappings

-Name Similarities
-WBS Similarities
-Resource Information from GC Schedule

Step 2: Find Smallest Possible Mappings

-Name Similarities
-WBS Similarities
-Milestone Information
-Project Knowledge

Step 3&4: Finalize the Mappings

M-Tree

 

Figure  4.7 Steps Involved in the Discovery of the Schedule Mappings 



 

 

 

 

Centex Schedule Miller Electric Schedule 

Activity 
ID Activity Description Activity 

ID Description 

0211 Elec. Rough in/Equipment/Tie-in 32 0200-Fixtures 
1020 Overhead Elec. Rough in 33 0300-Wiring Devices 
1040 In-wall Elec. Rough in 34 0500-Cable Tray 
1210 Install Light Fixtures 35 0602-Above Grade 
1255 Install Electrical Finishes 36 0900-Single Conductor Wire 
2020 Overhead Elec. Rough in 37 1300-Equipment 
2045 In-wall Elec. Rough in 39 0200-Fixtures 
2090 Install Light Fixtures 40 0300-Wiring Devices 
2110 Install Electrical Finishes 41 0500-Cable Tray 
3020 Install Electrical Finishes 42 0602-Above Grade 
3045 In-wall Elec. Rough in 43 0900-Single Conductor Wire 
3090 Install Light Fixtures 44 1300-Equipment 
3110 Install Electrical Finishes 46 0200-Fixtures 
  47 0300-Wiring Devices 
  48 0500-Cable Tray 
  49 0602-Above Grade 
  50 0900-Single Conductor Wire 
  51 1300-Equipment 
  53 0300-Wiring Devices 
  54 0602-Above Grade 
  55 0900-Single Conductor Wire 
  56 1300-Equipment 

 

Centex Vs. Miller Mappings

First Floor

Fixtures

Centex’s Activities Miller’s Activities

1210 Install Light Fixtures 0200-Fixtures32

Other Activities

1040 In-wall Elec. Rough In 0300-Wiring Devices33

1255 Install Elec. Finishes 0500-Cable Tray34

1020 Overhead Elec. Rough In 0602-Above Grade35

0900-Single Conductor Wire36

1300-Equipment37

Second Floor

Fixtures

2090 Install Light Fixtures 0200-Fixtures39

Other Activities

2045 In-wall Elec. Rough In 0300-Wiring Devices40

2110 Install Elec. Finishes 0500-Cable Tray41

2020 Overhead Elec. Rough In 0602-Above Grade42

0900-Single Conductor Wire43

1300-Equipment44

Third Floor

Fixtures

3090 Install Light Fixtures 0200-Fixtures46

Other Activities

3045 In-wall Elec. Rough In 0300-Wiring Devices47

3110 Install Elec. Finishes 0500-Cable Tray48

3020 Overhead Elec. Rough In 0602-Above Grade49

0900-Single Conductor Wire50

1300-Equipment51

Roof

Other Activities

0211
Elec Rough In/Equipment/
Tie In

0300-Wiring Devices53

0602-Above Grade54

0900-Single Conductor Wire55

1300-Equipment56  
 

Figure  4.8 Revisiting the Schedule Mappings between activities of Centex and Miller. 
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One way could be to store mapping information as a series of networks at 

different levels of detail. Figure  4.9 shows such representation for the mappings shown in 

Figure  4.2. However, this would result in redundant storage and would complicate 

information management tasks. Alternatively, we can store the initial mapping, 

intermediate decompositions and the smallest possible mappings with detailed 

information at every step. However, this would again violate our objectives and would 

result in redundant storage of data leading to scalability issues. An alternative approach is 

the use of Mapping Trees (M-Trees) structures based on traditional database tree indexes 

(O'Brien et al. 2008; Siddiqui et al. 2006). Such a structure allows a hierarchical way to 

store information with the leaf level representing the smallest possible mappings. Figure 

 4.9 shows a comparison of the network based representation of the mappings alongside 

the tree based representations. The final Tree based representation by itself has the 

combined information contained in all the network based representations.  

 

4.5.1 The M-Tree Representation 

The M-Tree is based loosely off of tree based indexes for spatial data (R*-Trees) 

(Norbert et al. 1990). The proposed M-Tree structure stores minimal summary temporal 

information at the root and intermediate node levels. These intermediate nodes are termed 

routing nodes as they assist in routing searches through the M-Tree. The leaf nodes store 

information regarding the smallest possible mappings with only activity identifiers stored 

for each activity set. Essential details of the M-Tree and the Node operations are 

presented in this section. Further details of the M-Tree are provided at the end of 

dissertation in Appendix - A: Specifications of the M-Tree. 
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Figure  4.9 Tree and network based representations of the mapping network. The final 
tree representation captures information presented in all the networks and 
the previous trees. 

4.5.2 M-Tree Node Operations 

Various operators have been formalized for the nodes of the M-Tree. Basic 

querying operators follow operations similar to those in R* Trees. However, these 

operations have been simplified and ported to temporal data. The creation of the M-Tree 

follows the discovery of the mappings described in the previous section. The operators 

required to accomplish the decomposition are discussed below. 

 

The decomposition process introduced earlier has been modified slightly, and a 

new Split operator has been introduced for the M-Tree. Instead of forcing discovery of all 

k mappings at one level first, the decompose operator allows the user to discover a single 

smaller mapping and further decompose it into the smallest possible mappings. The Split 
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operator allows the user to discover the remaining k-1 mappings at each level of 

decomposition. Figure  4.10 shows the results of decompose and split operations on a tree 

node.  

 

The M-Tree structure is flexible and can be pruned later if the user is no longer 

interested in analysis at the finest level of detail. An intermediate node can be designated 

as a significant node, which indicates that analysis will only be performed at that level of 

detail. The mappings that exist below that level are not deleted; instead a summarize 

operation can be performed on any intermediate node of the tree. Figure  4.11 shows the 

result of the application of the summarize operation on a tree node.  
 

    

FS

F1S1 F2S2 F1S1 F2S2

FS

F1S1 F2S2

 

  (a)      (b) 

Figure  4.10  (a) Decompose operation where a single leaf is replaced by a routing node 
and two leaf nodes (b) Split Operation resulting in a leaf node being 
replaced by two leaf nodes. 
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FS

F1S1 F2S2 F1S1 F2S2

F1S1 F2S2

 

Figure  4.11 Summarize operation on an intermediate tree node (routing node), which 
results in replacement of the routing node with a leaf node summarizing all 
the children 

The smallest possible mappings are discovered and the M-Tree is built 

simultaneously by successive application of decompose and split operations. Figure  4.12 

shows an M-Tree representation; leaf nodes are shown connected to each other to 

represent precedence relationships, and the intermediate nodes that serve as a routing 

mechanism are shown in a different shade. These routing nodes represent the 

intermediate mappings encountered during the discovery of the smallest possible 

mappings.  

 

To avoid redundancy, minimal information is stored for each leaf and 

intermediate node. For a leaf node corresponding to a schedule mapping, only the unique 

activity identifiers are stored for each activity set within that schedule mapping. Other 

information, such as dates and durations, can be extracted from the latest versions of the 

schedules. The intermediate nodes contain information about the structure of the tree and 

have an associated time period that encompasses all the children nodes. 
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The M-Tree shown in Figure  4.12 is the result after three steps (initial mapping, 

decomposition of mappings, and discovery of links between mappings) of the four step 

mapping process have been completed. The final validation step has no impact on the 

structure of the M-Tree. However, it affects the status of the leaf nodes (valid / not valid), 

which in turn affects the valid status of the tree. 
 

 

Figure  4.12 The structure of the M-Tree, the Tree-based index for the Smallest Possible 
Mappings. 

4.6 EXTENSION TO MULTIPLE PARTICIPANTS 

The schedule mappings approach can be extended to include other participants by 

connecting multiple M-trees using cross-tree connectors. These connectors are 

established using the precedence information from the general contractor’s (GC) 

schedule. They form the basis for richer analysis across multiple organizations. Figure 

 4.13 shows the representation of these connector links where the schedule mappings 

concept is extended to a three party case by connecting leaf level nodes of two M-Trees. 
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Figure  4.13 Cross Tree connectors connecting multiple M-Trees at the Leaf Level. 
These links represent the dependencies between different project 
participants 

Once such links have been established, any delay in the activities of one 

participant can be propagated to the other participants using the GC’s schedule as an 

intermediary. This extensibility has been confirmed by using a third participant for the 

aforementioned case study (Section  2.1). A schedule was logically constructed for a 

mechanical subcontractor and mapped to the respective mechanical activities in Centex’s 

schedule. The result was two M-Trees, one for Centex vs. Miller and the other for Centex 

vs. the mechanical contractor. The two were connected using precedence constraints from 

the Centex schedule.  

 

Such an approach allows automated identification of all the participants that could 

be affected because of a schedule change. This propagation of delay allows identification 

at the finest level of detail and as a result, individual activities affected in the process can 
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be isolated. Furthermore, analysis can be performed at different levels of detail across 

different trees and will still identify the activities affected, albeit at a coarse level.  

 

This solution is scalable and can be extended to other participants and on other 

projects as well without forcing any participant to follow any particular type of 

scheduling technique. Any links between the schedules are dynamic and are 

automatically updated when the user makes any changes to the schedule. For the current 

implementation, however, the participants manually share their updated schedules to 

maintain the dynamic aspects of the schedules.  

 

A temporally consistent M-Tree in effect provides a reconciled global view and 

the necessary ground work for richer analysis. For the purpose of this dissertation, the 

view of the tree from the GC’s perspective has been considered. The tree can be 

transformed easily to reflect the view of the subcontractor, the only change being that the 

links between mappings would be drawn from the subcontractor’s schedule as opposed to 

the GC’s schedule. In addition, other types of constraints can be represented for each 

schedule mapping and can be dynamically extracted from the individual schedules of the 

parties involved. This dynamic way of linking constraints to mappings allows any 

changes in internal constraints of a participant to be shared across organizations.  

 

4.7 IMPLEMENTATION 

4.7.1 First Prototype 

Initially, a standalone software prototype was developed to demonstrate the 

functionality of the schedule mappings approach. To maintain independence from any 
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particular scheduling software, this prototype required basic schedule information in the 

form of an XML document. The complete schemas for the XML documents used in the 

first prototype are listed at the ended on the dissertation in Appendix - B: . This prototype 

helped in proof of concept case studies and was used to refine the schedule mappings 

constructs and their implementation. Details of the software tools included in the first 

prototype implementation are discussed in this section. All applications were developed 

using Microsoft ® Visual Studio 2005 ® (Visual Basic ®).  

 
 

4.7.1.1 Inputs and Outputs 

To maintain independence from any particular scheduling software, the first 

prototype was designed to accept schedules as input in the form of an XML document. 

The schema for that XML schedule contained the bare minimum requirements for 

schedule coordination including basic activity identifiers, dates, and precedence 

information. A schedule header was used to identify individual participant schedules and 

to distinguish between various versions of the same schedule. Figure  4.14 and Figure 

 4.15 show parts of the XML schema for the schedule input for the first prototype.  

 

The output of the prototype was an M-Tree in the XML format that followed the 

details mentioned in Appendix - A: Specifications of the M-Tree. 
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Figure  4.14 Header information for the Schedule XML 

 

 

Figure  4.15 Schema for Activity Detail for Schedule XML 
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4.7.1.2 Two Stage Process for the First Prototype 

The schedule mapping process was initially envisioned as a two phase process. 

The mappings were to be set up during the first phase and maintained later during 

runtime. 
 

Build Time Activities 

The build time activities for the mapping process were to involve setting up the 

mappings by identifying activities from the participant schedules and building the M-

Tree. It was envisioned that the mappings would be set up by the coordinating participant 

and the M-Tree could then be distributed to the other participant involved. Time window 

dates were included in the M-Tree XML to enable a participant to utilize the tree even 

when the other schedule information was not available. In addition to building the M-

Tree, the build time activities were envisioned to include a validation step where the 

coordinator would ensure that any conflicts initially identified were resolved. The build 

time activities would involve exchanges of schedule and mapping information between 

the participants until all initial conflicts were identified. 

 

Runtime Activities 

The build time activities would end with a mutually reconciled set of schedules 

without any coordination issues. The runtime activities for the mapping process would 

involve maintenance of the already established mappings by including any new activities 

added to the participants’ schedules. Any updates would trigger a validation run and any 

new conflicts would then be identified and reconciled as during the build time phase. 
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4.7.1.3 Implementation Considerations 

Connected Vs. Disconnected Operation 

It was envisioned that the participants would operate in a fully connected mode 

where information from both schedules was readily available to both participants. 

However, static date information about time windows was included in the M-Tree for 

each smallest possible mapping to ensure that a participant could operate in a 

disconnected mode as well.  

 

Version Control – Schedule Revisions and Updates 

The application was designed to handle multiple versions of participant schedules. 

A versioning scheme was developed where a schedule could be considered as one of two 

types - “Current Valid” or a “What if Candidate”. A naming scheme was also adopted to 

facilitate rapid identification of XML files without opening every single file. The naming 

scheme followed the following template: 

 

<Participant Name>, <Version Number>, <Type of Schedule>.xml 

 

There was a distinction made between a schedule revision and an update. The 

revisions would mean structural changes in the schedule that would make the mappings 

totally invalid and new mappings would have to be established. An update, on the other 

hand, would simple indicate changes in dates and addition of new activities without 

major changes to the overall structure of the schedule.  
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4.7.1.4 Extension to Multiparty case 

Extension of the application to a multiparty multi-version schedule scenario 

presented a new set of challenges. Given an activity from different versions of a mapped 

schedule, it was not possible to readily identify the associated M-Tree mapping without 

separating the mapping information from the schedule itself. A separate XML file was 

generated for each participant schedule that would maintain information about the 

activities, the associated M-Tree and the associated mapping within that M-Tree. Figure 

 4.16 shows the XML schema for those associated files termed “ScheduleMeta” files. 

 

 

 

 

Figure  4.16 Parts of XML Schema for a ScheduleMeta file showing Header and Activity 
ID to Mapping ID relationship 
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4.7.1.5 The Tools for the First Prototype 

MPP2XML translator 

A translator (O'Brien et al. 2006) was written by another researcher associated 

with this project to convert a Microsoft Project 2003 ® file into the XML files that 

conform to the schema described in Figure  4.14 and Figure  4.4. The application – named 

Stub – had additional functionality to capture information about multiple schedules for 

multiple projects for a subcontractor.  

 

Mapping Bridge 

The mapping bridge was the main component for the first prototype. The mapping 

bridge was designed to support the initial mapping of two participant schedules and to 

facilitate the building of the M-Tree. The core M-Tree operations were implemented as a 

part of the mapping bridge. Figure  4.17 shows a screenshot of the first mapping 

application. 

 

A rudimentary solution engine was also developed to propagate changes made to 

the schedules through the mapping bridge user interface. The intent was to facilitate 

exploration of alternatives in response to changes by highlighting new conflicts (if any) 

once the changes were propagated to the successor activities.  

 

Visualization Components 

A set of visualization tools was implemented using the Northwoods 

GoDiagram™ for Microsoft® .Net framework (Northwoods 2005). The visualization 

component highlighted the complexity of the relationship between the mappings and the 

unmapped activities. 
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Figure  4.17 Screenshot of the First Prototype showing M-Tree Operators 

  

 

Figure  4.18 The visualization component showing an M-Tree and unmapped activities 
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Multi-Tree Viewer 

A separate application was developed to handle the multiple version multiparty 

scenarios. The Multi Tree Viewer application was intended for use during the runtime to 

explore the impact of changes made to one participant’s schedule on other participants’ 

schedules. Figure  4.19 shows the initial screen where a coordinator’s schedule is opened. 

All M-Trees associated with that schedule are identified using the associated 

ScheduleMeta file and a correct number of tabs are set up accordingly. The user can go to 

each tab and open up any version of the other participant’s schedule to explore changes 

across schedule versions. One tab with a loaded schedule is shown in Figure  4.20. The 

application allowed the user to generate alternatives by making changes to the schedule 

(new schedule versions) to share with the other participants. 

 
 

 

Figure  4.19 Initial Screen of the Multi Tree Viewer Application showing a 3 participant 
case. Each associated M-Tree is shown on a different tab.
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Figure  4.20 Screen for generating alternative Schedules versions where changes can be 
made to any schedule and their impact can be accessed on other schedules 

4.7.1.6 Key Findings 

The first prototype applications were used to refine the schedule mappings 

approach. Following is a list of key findings: 

 

• The implementation helped identify the complexity of the multi participant 

scenario.  

• It was demonstrated that the schedule mappings approach could be used to link 

schedules and to explore alternatives in response to changes.  
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• The visualization components, although useful for a two party case, were found to 

be confusing in a 3-party scenario.  

• The rudimentary solution engine provided a single pass forward or backward 

propagation in response to a change and was very limited for practical use or 

validation 

 

4.7.2 Second Prototype 

Building on the lessons learned from the first generation prototype, the second 

generation software prototype (Figure  4.21) has been implemented as a Shared Add-in 

for Microsoft Project (MS Project) 2003. The Mapping Add-in supports the discovery of 

the mappings, performs internal validation of mappings, and implements functionality to 

support human intervention and combines the functionality of all the applications of the 

first prototype.  

 

Firstly, the implementation allows a user to select activities from the respective 

schedules and map them into the initial schedule mapping. The tool implements the basic 

M-Tree Node functions described earlier (Split, Decompose & Merge) enabling the user 

to decompose the initial mapping, and the subsequent smaller mappings, until the 

smallest possible mappings have been established. The software tool provides 

information regarding the temporal validity of the mappings by identifying any internal 

conflicts (Figure  4.5). 
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Figure  4.21 A screenshot of the software prototype implemented as an Add-in for MS 
Project 2003. The project interface is used for input and manipulation of the 
scheduling data. 

The Mapping Add-in interface only shows the mapping data and no activity 

information is shown using this interface. After a node is selected, the Add-in applies 

filters on participants’ schedules and shows the activities mapped by that node in the 

respective MS Project windows. The user can choose to view all activities and simply 

highlight the mapped activities. Every event that results in a change in the M-Tree 

information triggers an internal validation by the Mapping Add-in. Once the invalid 
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mappings are identified by the Mapping Add-in, the user can make changes to the 

schedules to resolve internal inconsistencies and generate a valid M-Tree. 

 

This implementation allows us to rely on the familiar MS Project user interface 

for activity manipulation. In addition, we rely on MS Project’s solution engine to 

recalculate dates in response to any changes made to a schedule by the user. The 

Mapping Add-in builds on these MS Project functions and provides the additional 

constructs that are necessary for generation and use of M-Trees to manipulate multiple 

schedules in parallel. Details of the Add-in implementation are discussed in Appendix - 

C: Schedule Mappings MS Project® Add-in.  

 

4.8 FLOW OF THE SCHEDULE MAPPINGS TOOL 

The users can use the schedule mappings add-in to implement the schedule 

mappings approach for their respective projects. From a deployment perspective, it is 

important to distinguish the role of the user from that of the schedule mappings add-in. 

Two sequence diagrams (Figure  4.22, Figure  4.23) are presented in this section to model 

the overall interactions between the user and the schedule mappings add-in.  

 

Figure  4.22 shows the actions required to initially discover the schedule 

mappings. The user starts the MS Project which automatically loads the schedule 

mapping add-in that adds its own menu to the MS Project. The user can then launch the 

mapping control panel to use the schedule mappings functions. The user first opens the 

general contractor’s schedule using the mapping control panel, and follows by opening 

the subcontractor’s schedule. The key schedule mapping functions are carried out at this 

stage. The user identifies and selects the activities from the two schedules for the initial 
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mapping and uses the mapping control panel to indicate when all activities have been 

selected. The user would identify these mappings following the processes described 

earlier in this section (Section  4.4 & Figure  4.7). In response to the user’s action, the 

schedule mapping add-in creates the M-Tree and tags the activities in the individual 

schedules with the mapping information. The tool runs the validation algorithm to 

identify any conflicts for the newly established schedule mapping (Figure  4.5). The user 

interface is updated to reflect any conflicts identified during the validation. 

 

Using the M-Tree controls (Split / Decompose operations discussed in Section 

 4.5.2) from the schedule mappings add-in, the user proceeds by finding smaller and 

smaller mappings until the smallest possible mappings have been identified. The schedule 

mapping add-in updates the activities in the schedules with the new mapping information 

and builds the M-Tree. The validation algorithm automatically runs after each M-Tree 

operation. The user interfaces is updated to reflect the latest structure of the M-Tree and 

any identified conflicts. The user indicates the end of the discovery process by clicking 

the Generate XML button. The add-in creates an XML representation of the M-Tree 

which is stored on disk at a location selected by the user.  

 

The mappings are set up once and can be used later during the project execution. 

Figure  4.23 shows the steps involved in retrieving the already established mapping 

information to identify conflicts in response to a schedule change. As done for the initial 

mapping setup, the user essentially follows the same steps to open the schedules and 

located the M-Tree. The schedule mapping add-in loads the M-Tree information and runs 

the validation algorithm based on the latest information in the participants’ schedules. 

The user interface is updated to highlight any identified conflicts.  
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User

MS Project

Schedule Mappings Add-in
Load

Start

Add Menu

Start Mapping Control Panel

Load Mapping Interface

Open GC Schedule

FileOpen

Open Sub Schedule

FileOpen

Identify Initial Mapping
Activities

Build Initial Mapping

Create M-Tree
Update Schedules

Run Validation
Update User InterfaceFilter Selected

Loop

Identify
Smaller
Mappings

Split / Decompose

Update M-Tree
Update Schedules

Run Validation
Update User InterfaceFilter Selected

Finalize
Mappings

Generate XML

Save Files / Filter Selected

Save M-Tree
Update Schedules

Select M-Tree Location

Check for Existing M-Tree
Set up XML Serializer

Set Up Initial Mappings

 

Figure  4.22 Sequence of actions performed to build the schedule mappings. The shaded 
actions represent the key tasks in this sequence. 
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User

MS Project

Schedule Mappings Add-in
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Start

Add Menu

Start Mapping Control Panel

Load Mapping Interface

Open GC Schedule

FileOpen

Open Sub Schedule

FileOpen

Verify Conflicts

Loop

Make
Schedule
Changes

MS Project Event

Run Validation
Update User Interface

Filter Selected

Finalize
Changes

Generate XML

Save Files / Filter Selected

Save M-Tree
Update Schedules

Select M-Tree Location

Check for Existing M-Tree
Set up XML Serializer

if M-Tree Exists:
Load M-Tree

Run Validation
Update User Interface

Response to Schedule Changes

Filter Selected

Validate

 

Figure  4.23 Sequence of actions performed in response to a schedule change. The 
shaded actions represent the key tasks in this sequence. 
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The user can verifies the newly identified conflicts, and makes changes to the 

schedules based on the type of conflict identified and the information available from 

other sources. In response to a change by the user, the MS Project recalculates the dates 

for the schedule and the schedule mappings add-in runs the validation algorithm based on 

the new dates. Any conflicts identified are highlighted through the user interface. The 

user indicates the end of the process by generating an update schedule mappings XML 

file. 

 

The schedule mappings tool is designed to support a user in functions related to 

coordination of overlapping schedules. The tool allows the user to set up the associations 

once and re-use that information at later stages in the project lifecycle. The tool, in its 

current form, only identifies conflicts based on the mappings set up by the user and does 

not provide any solutions for the highlighted problems.  

 

4.9 SUMMARY 

The schedule mappings approach can be used to assist in coordination at various 

stages during the project life cycle. The mapping approach can be used before project 

execution to ensure that all participants have an agreed upon understanding of the 

sequence and timing of their respective activities. During this initial coordination stage, a 

potentially valid M-Tree is generated by manually identifying the corresponding 

activities in the two participants’ schedules and clicking the build initial mapping button. 

The M-Tree can be then built using the split, decompose and merge operators. The 

discovery of mappings is a one time exercise, which can potentially be performed before 

the start of the project execution phase. The mappings established during this initial 
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coordination process can be used to identify existing scheduling conflicts between the 

two schedules.  

 

The mapping tool visually indicates that the Subs’ activity is scheduled to start 

before the time specified for the corresponding activities in the GC’s schedule. After 

making the requisite changes, the user can refer to the mapping tool to verify that the 

resolution strategy worked and the changes did not result in any other invalid mappings. 

Depending on the conflict, multiple iterations could be needed to resolve a conflict.  

 

Once the mappings have been established, the general process of conflict 

detection, identification and resolution outlined in this subsection remains essentially the 

same for the initial coordination of schedules and for response to subsequent schedule 

changes. The software implements the constructs that allow such analysis for changes in 

any participant’s schedule. Any changes required in the Subs’ schedules can be 

communicated and verified with the Subs.  

 

The tools and the framework can be used for a multiple participant case (i.e., 

cross tree connectors, Figure  4.13 above) where a new tab is added to the display for each 

new participant. Each participant’s schedule is individually mapped to the GC’s schedule 

repeating the steps outlined for the mapping discovery process. The verification process 

after schedule changes becomes a little more involved. Using the respective mappings for 

the participants, the user can readily verify if any changes made to resolve conflicts with 

one Sub result in new conflicts with another Sub. It must be noted that the emphasis of 

this prototype implementation is to provide the user with information necessary to 

propose a possible solution, not necessarily an optimal solution. 
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The schedule mappings approach aims to facilitate coordination by formalizing 

relationships between groups of activities across participants’ independent schedules. The 

participants on a project can use the approach together to resolve scheduling conflicts 

collectively. The participants can also use the tools independently to make an informed 

assessment of the impact of changes in their respective schedules on the overall project 

performance. 
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5. CHAPTER 5: SUPPORT FOR SCHEDULE COORDINATION 
USING THE SCHEDULE MAPPINGS APPROACH 

5.1 INTRODUCTION 

The participants on construction projects have different project management 

objectives. To meet these objectives, the participants schedule their activities using 

different breakdown structures, different levels of detail, and use different scheduling 

software, methods. These characteristics dimension the heterogeneity of the schedule 

coordination problem. The review of literature presented in Chapter 2 indicates that CPM 

is the predominant choice of scheduling method and the participants mostly use only 

temporal information in their schedules (Galloway 2006; Hinze and Tracey 1994). These 

findings were used as a starting point and define the scope of the heterogeneity addressed 

by this research.  

 

The literature review also identified that existing approaches (Choo et al. 1999; 

Kim and Paulson 2003; Sriprasert and Dawood 2003) provide limited support for 

coordination of schedules. For the most part, the support is limited to the perspective of 

the GC and the subcontractor schedules are not adequately supported. The schedule 

mappings approach presented in this dissertation addresses these concerns and presents a 

set of formalism to model associations between activities from multiple schedules. These 

relationships can be used to identify schedule conflicts that span multiple overlapping 

schedules.  
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This chapter explores the usefulness and usability of the schedule mappings 

approach and the software tool developed to support schedule coordination. The 

usefulness and usability in this context is defined by the following three questions: 

 

Is the approach Understandable? 

Is the approach Deployable? 

Is the approach Viable? 

 

Answers to these questions would address the applicability of the approach by 

different users on a range of projects. In order to gain a better understanding of the 

deployment context, we first explore the existing industry scheduling practices through a 

series of interviews. We then present a two stage validation, which addresses the 

understandability and viability of the schedule mappings approach.  

 

5.2  INDUSTRY INTERVIEWS FOR EXISTING PROCESSES 

The construction industry’s scheduling processes vary quite a bit with no real 

adoption of standard practices(Galloway 2006). Schedule coordination processes, in 

particular, are often very informal in nature. Existing literature focuses on the practice of 

scheduling from a broad view point with very little information about the actual steps 

involved in the creation and coordination of schedules. It was important for us to 

understand these scheduling processes, be it at a higher level, to identify any changes that 

would be required for the deployment of the schedule mappings approach.  

 

A series of interviews was conducted with two general contractors and a 

subcontractor to model the industry’s perspective on scheduling and schedule 
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coordination. An interview guide (Appendix – D: Interview Guide) was used during the 

meetings to capture the perspective of each industry participant. Sample schedules were 

also collected to better understand the perspectives of the individual schedulers. The 

interview guide was designed to capture processes for the major scheduling functions: 

generation of the initial project schedules, coordination of the initial schedules, and 

response to subsequent schedule changes. Other sections of the interview guide were 

designed to collect information about different types of project schedules, and to model 

the timing and extent of subcontractor involvement in scheduling by the GC. The overall 

purpose is to provide a better understanding of where the schedule mappings approach is 

best deployed in the overall scheduling processes. 

 

5.2.1 Case 1 – General Contractor 1 

The first participant, identified here as General Contractor 1, is a large national 

general contractor. The interview was conducted in the context of a case example; a 

project for a 42 story condo tower and the accompanied garage separated into two 

construction areas. Each area was to be supervised by an Area Superintendent and a 

Project Superintendent was to oversee the entire project. The GC had very formal 

schedule generation and control processes. A Tight Centralized Coordination (Kim and 

Paulson 2003) approach for management of the subcontractors was adopted, where, the 

GC plays the central role in coordination and subcontractors are contractually bound to 

their schedule dates. 
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5.2.1.1 Generation of Schedules 

Initial Schedule 

The GC prepared a high level 22 month schedule during the bidding phase for the 

guaranteed maximum price contract (Figure  5.1). The schedule was generated by the 

project superintendent using the information from the contract documents and based on 

experience with similar projects. Subcontractors were involved early on in this project. 

After the award of the contract, the initial schedule was used to seek bids from the 

subcontractors who were then contractually bound to the dates in the schedule.  

 

Master Schedule 

The initial schedule was then split by trade and manually expanded using sticky 

notes and large sheets of paper. The time logic was established using these sticky notes. 

A floor level breakdown was adopted based on the characteristics of the building project 

(repetitive activities). The structure part of the schedule was first formalized using 

Primavera P3®, and the scheduling team made sure that the schedule met the contractual 

obligations for the overall project duration (22 month duration). The schedule was then 

built step by step by adding MEP, Site Utilities, and Finishes in order (Figure  5.2). 

 

The schedule was not resource loaded, but all resource constraints were 

considered during the scheduling process. The subs’ crews were considered in 

determining the duration of subs’ activities. Space constraints and key resources (e.g. 

material hoists) were also considered. Three different material hoists will be active on the 

jobsite with one hoist dedicated to the dry wall sub (which involves the most material). 

At full work, there could be 20+ floors active at one time (i.e. potentially 20 different 
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subs). The project team explored starting different trades at different times (6am, 7am, 

and 8am) to avoid a rush of people at one time. 

 

Other Schedules 

The GC prepared a Line of Balance schedule to track the movement of the trades 

through the tower (Figure  5.3). Each contractor was given full access and alone presence 

to a floor to complete their work in one week. There was 4 weeks of Quality Control at 

the end of each floor, which could be compressed to account for uncertainty.  

 

Each Area Superintendent has a 3 week schedule to monitor the work in more 

detail. This schedule is built off of the master schedule. The Project superintendent had 

the 90 day schedule to monitor the overall project (Figure  5.4). 

 

5.2.1.2 Coordination of schedules and site activities 

The GC had very formal schedule coordination processes. The GC did not require 

detailed schedules from the subcontractors and all project participants on the GC’s side 

work off of the same overall schedule. The master schedule was used for overall 

direction. 3 week and 3 month schedules were used by site staff to monitor actual work 

and to coordinate the subs. There were coordination meetings before a sub commenced 

work on the site (1 month before start and two weeks before start). These meetings were 

intended for overall coordination and schedule issues could be raised there. Area 

superintendents held weekly meetings with all the subs and used the 3 week schedule to 

make sure everyone was on track. 



 

 

 

Figure  5.1 Example of the Initial Schedule showing activities at a high level 
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Figure  5.2 Example page from the master schedule prepared using P3 showing detailed activities  
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Figure  5.3 Line of Balance Type Schedule prepared using MS Excel showing movement of trades through the floors 
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Figure  5.4 Snapshot of the 90 day look-ahead schedule prepared using MS Excel 
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5.2.1.3 Response to schedule changes 

A lot of formal and informal communication happens on the jobsite. The GC 

becomes aware of a conflict / change on a sub’s side only when the subs raise it during 

their meetings. However, Area Superintendents get daily reports and have subcontractor 

meetings where schedules can be discussed among other things. Change of scope and 

weather delays were identified as the causes for schedule changes. 

 

5.2.1.4 Summary 

The formalism of the GC’s coordination processes and the communication on the 

jobsite was relied upon to ensure timely performance. The GC did not accept schedule 

delays from the subcontractors. The GC held the subs to their contractually agreed upon 

dates as per the initial schedule. To ensure the validity of the schedule dates, subs are 

involved early in the project during the initial scheduling process. They are also involved 

in the finalization of the CPM (master schedule) where they are provided with a copy of 

the near complete CPM for their final input. Subs can coordinate among themselves but 

the GC is responsible for coordinating major items. 

 

5.2.2 Case 2 – General Contractor 2 

General Contractor 2 is a medium size general contractor with projects around the 

local area. The GC adopted the loose centralized coordination approach where the GC is 

responsible for the overall coordination; however, the subs can coordinate among 

themselves as needed. The example project studied was a medium size campus building 

for a school. A lump sum contract was awarded for the project. The GC had previous 
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experience working with local school districts and relied on that experience for building 

the schedules and coordination of activities. 

5.2.2.1 Generation of initial schedules 

Master Schedule 

The individual parts and activities were identified at a high level using the 

drawings and construction documents. Each participant whose activities could influence 

the project schedule was identified. An experience based assessment was carried out for 

the long lead items and the items were identified as crucial activities in the schedule. 

Special attention was paid to the understanding of the sequence of activities. It was 

important for the GC to ensure that the critical trades did not overlap and that the 

schedule had sufficient flexibility to absorb minor delays.  The schedule was then 

broken into smaller chunks, which represent key items. Most of the dates in the initial 

schedule were flexible and were created using input from the subcontractors about their 

general availability for the project. Most constraints were handled informally and slack 

was built into the activities. Figure  5.5 shows a snapshot of the GC’s master schedule 

prepared using Primavera Suretrak (Primavera 2000). 

 

4 Week Look-ahead Schedule 

The GC prepared a four week look-ahead schedule that was updated on a weekly 

basis. The schedule was generated using information from the master schedule for the 

project and was updated based on weekly meetings with the subcontractors. MS Excel ® 

was used by the GC to maintain the bar chart type schedule. Figure  5.6 shows a snapshot 

of the 4 week look-ahead schedule. These types of schedules are used by the GC for 

progress monitoring and day to day jobsite operations. 
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Figure  5.5 A snapshot of the master schedule showing activities at a high level 

 

 

Figure  5.6 Portion of the four week look-ahead schedule showing planned activities vs. 
actual progress prepared using MS Excel 
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5.2.2.2 Coordination of Initial Schedules and site activities 

Some participants on the project built their own schedule but those schedules 

were not shared with the GC. The subs provided input to the GC based on those 

schedules. The GC in turn used that information to generate the master schedule, which 

was shared with the subcontractors. For subs with less formal scheduling practices, the 

GC made an experience based assessment for scheduling of the individual 

subcontractor’s activities. Most of these contractors were not involved in complex tasks 

and it was relatively easy for the GC to understand the extent of their work. 

 

5.2.2.3 Response to Schedule Changes 

The GC identified delays, weather, mistakes/rework, deliveries, material and 

labor shortages as the typical reasons for schedule changes. The conflicts were detected 

by the GC during weekly meetings. The GC responded by rescheduling the activities of 

the subcontractors while maintaining the logical sequence of activities.  

 

5.2.2.4 Summary 

The GC had fairly informal scheduling and coordination processes. At the time of 

the contact, the project was running late because of slow progress on critical structural 

steel erection activities. The project lost a few days due to bad weather, however, the 

delay in large could be attributed to the steel subcontractor’s performance. The GC 

attempted to catch up by rescheduling drywall installation on the lower floor as roof 

trusses were being installed at the upper level.  
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For the most part, the GC became aware of the subcontractor delays during 

weekly site meetings. The changes in the look-ahead schedule were communicated to the 

subs usually in an informal manner. Most of the project subcontractors had previously 

worked with the GC, and most schedule conflicts were resolved by simply talking to the 

individual subcontractors. The master schedule was kept static and only the look-ahead 

schedule was updated to reflect the schedule changes. The coordination of activities was 

becoming an increasingly challenging task for the GC faced with delays in the critical 

activities.  

 

5.2.3 Case 3 – Subcontractor  

A mechanical subcontractor was also interviewed to understand the basic 

processes from the perspective of the subcontractor. The subcontractor interviewed is a 

small to medium size subcontractor with business focusing on HVAC and controls 

installation. For most projects, the subcontractor viewed its scope of work as routine 

without any new technical complexities. Due to the labor intensive nature of their work, 

the subcontractor was primarily concerned about the scheduling of skilled resources to 

optimize manpower utilization.   

 

5.2.3.1 Generation of initial schedules 

For each job, the team in the office outlined the key items for the job and had an 

agenda ready for the meeting with the GC. Preliminary labor requirements were 

estimated using these items. Key attention was paid to long lead items, and the GC was 

informed about anticipated delays in writing well in advance. The sub relied on the GC 
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for scheduling of their activities and provided input to the GC, where necessary, to ensure 

that the long lead items were appropriately handled in the GC’s schedule. 

 

Skilled labor was fundamental to the nature of the business, and scheduling effort 

focused directly on man hour utilization. The foremen on the different sites anticipate the 

required labor based on the onsite conditions and the GC’s schedule performance. The 

site foreman maintains daily, weekly and monthly labor reports.  

 

5.2.3.2 Coordination of Schedules and site activities 

Coordination is usually carried out in an informal fashion because of the repeat 

clients and commodity nature of most of the work. However, the coordination effort is 

extensive for most CM jobs because the CMs expect the subs to coordinate among 

themselves. The most difficult part from the sub’s perspective is to educate people about 

the nature of the work and the basic sequencing of their operations. Many times the GC 

and the Subs miss basic sequence of operations and schedule things in illogical order. 

 

5.2.3.3 Response to Schedule Changes 

The scheduling personnel become aware of changes only when informed by the 

site personnel. The subcontractor cited trade coordination problems and space conflicts as 

the leading reasons for schedule changes. Like the initial coordination, most schedule 

changes are handled informally by the subcontractor.  
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The involvement of the sub in the scheduling process by the GC varied from 

project to project. The biggest project scheduling hurdle from the sub’s perspective was 

the GC’s lack of understanding of their scope of work.  

 

5.2.4 Summary of Industry Interviews 

The interviews with the industry practitioners provided valuable insight into the 

scheduling processes from the perspectives of a diverse set of participants. Existing 

scheduling software provide a robust set of tools and constructs that can be used by the 

users to generate their respective schedules. The interviews confirmed the findings of the 

literature review and showed that the participants use their own schedules to meet their 

individual project management objectives. The degree of formalism of scheduling 

practices varied considerably between the highly sophisticated GC and the subcontractor 

who primarily relied on the GC for coordination. The GCs indicated, and the 

subcontractor confirmed, that they involved their subs early on in the projects to get their 

input for the project schedule.  

 

The interviews also found that management of schedule changes was handled in a 

very variable fashion. General Contractor 1 enforced strict contractual dates to deter 

subcontractor nonperformance and schedule changes, whereas General Contractor 2 

managed changes by rescheduling other subcontractors. The coordination of changes was 

carried out in a fairly informal manner, and was an iterative manual exercise for the GC. 
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5.3 PROCESS MODELS 

The findings of the interviews with the industry practitioners provided a better 

understanding of the deployment context for the schedule mappings approach. These 

findings were confirmed with other industry practitioners as well during later validation. 

In addition, the discussions helped identify the scope of projects for which the schedule 

mappings exercise would be most useful. Two process models were constructed based on 

the findings of the industry interviews. The first model describes the schedule generation 

process and the changes required for the schedule mappings approach. The second model 

illustrates the informal process of schedule changes and how it is impacted by the use of 

schedule mappings approach. These models are not intended to be a final word on the 

matter, and are being used to illustrate the deployment context for the schedule mappings 

tools. Details of the models are presented next. 

 

5.3.1 Schedule Generation and Initial Coordination 

The process model for the schedule generation and initial coordination was 

largely developed from the first case presented in Case 1 – General Contractor 1. Based 

on the feedback from practitioners, the model was then refined and generalized to be 

applicable to other projects and participants. The subcontractor’s input was used to verify 

the logical sequence of operations.  

 

Figure  5.7 presents the process model for the schedule generation and initial 

coordination. The general contractor (GC) gets input from the subcontractors during the 

bidding phase to create an initial schedule that must meet the project requirements (Items 

1 & 2, Figure  5.7). To build this schedule, the GC uses the data from contract documents 

and past experiences with similar projects. The GC relies heavily on the past experience 
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of the project personnel to build this initial schedule. Once the contract is awarded, the 

GC expands this initial schedule to create the master schedule for the project (Item 3). 

The master schedule provides a detailed snapshot of the project and is used by the GC for 

overall project coordination. Activities for each trade are expanded based on the input 

from the participant about their scope of work.  

 

The GC shares the master schedule with the subcontractors to ensure that all 

participants are in agreement about their respective responsibilities. The subcontractors 

build their respective schedules to meet their own project management needs, and ensure 

that those schedules are inline with the GC’s master schedule (Item 4).  The subs perform 

most of the work on the jobsites and model their activities in significant detail to ensure 

proper control. The subs pay attention to key milestones to ensure that their schedule 

corresponds to the GC’s master schedule. The GC builds periodic look-ahead schedules 

for on site project monitoring using the information from the master schedule (Item 5). 

These look-ahead schedules are mostly bar chart type schedules, and are used by site 

superintendents for day to day monitoring of work and coordination (Item 6 for the sub). 

 

The author envisions that the schedule mappings activities would take place after 

or during the generation of the master schedule. The “create schedule mappings” item 

(Item 7, Figure  5.7) would encompass the mapping discovery process described in 

Section  4.4 and highlighted in Figure  4.7. The schedule mapping add-in can be used to 

discover the mappings between the GC’s master schedule and the sub’s schedule. Figure 

 4.22 presents the process flow for the schedule mappings discovery using the schedule 

mappings Add-in.  



 

 

 

Figure  5.7 Process Model for Schedule Generation and Initial Coordination. The shaded area represents the change for the 
schedule mappings approach. 
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The process model presented in this section shows GC to be responsible for the 

discovery of the schedule mappings. The resulting mapping information (M-Tree) is 

shared with the subcontractor in the form of an XML file. However, the mappings could 

be generated collectively by the GC and the sub. The generation of mappings could be 

the responsibility of the sub as the sub, to begin with, has to ensure that his schedule is 

inline with the GC’s master schedule (i.e. included in Item 4). For the deployment of the 

schedule mappings approach, the discovery of the mappings is the only major change 

required for the existing scheduling processes. This was confirmed during industry case 

examples presented in Section  5.5. The benefits of having the mapping information 

available during the project execution are highlight in the next section.  

 

5.3.2 Response to Schedule Changes 

Unlike the process model for schedule generation and initial coordination, the 

model for processes in response to a schedule change was developed largely from the 

other two cases presented in the previous section. The details of the formal and informal 

processes were confirmed with other industry practitioners in the subsequent validation 

exercise. The model captures two change processes: change initiated by the GC and the 

change initiated by the sub. The response to both types of changes remains largely 

similar. Figure  5.8 presents the process model for participant response to schedule 

changes. The highlighted areas identify potential benefits of using the schedule mappings 

approach. The process model captures the response to changes from the perspective of 

the subcontractor (Items 1-8) as well as the GC (Items 9-15). The darkened arrows show 

the manual iterations (Item 4-8 & Item 13-15) that are carried out informally by the 

participants involved in a schedule change.  



 

 

 

Figure  5.8 Process Model for Response to Schedule Changes. The light shaded tasks would be affected by the M-Tree. 
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The capability to readily identify conflicts resulting from a schedule change 

provides a powerful analysis tool. It is the author’s opinion that the schedule mapping 

approach, by enabling this rapid analysis, would impact the number of iterations required 

to reach a workable solution acceptable to all affected participants (Items 5,7, & 15).  The 

feedback from the practitioners about the use of the approach (Section  5.5) confirms this 

opinion. In addition, the schedule mappings approach improves the users’ understanding 

of scheduling conflicts by formalizing the process of schedule conflict identification. 

Using the Schedule Mapping Add-in for MS Project, the analysis process would follow 

the steps outline in the sequence diagram shown in Figure  4.23. Details of the steps 

involved in identification and assessment of subcontractor and general contractor initiated 

changes are discussed next. 

 

The subcontractor communicates changes to the GC only when the changes are no 

longer manageable at the sub’s end (Item 1, Figure  5.8). For the manageable delays, the 

subcontractor simply puts more resources on the jobsite to ensure compliance with the 

key hand off dates. Once the delays are no longer manageable, the subcontractor 

proposes a resolution strategy (Items 2 & 3) to the GG which, if acceptable to both 

participants (Item 5), would translate into agreed upon changes to the project schedules. 

In the existing setup, the subcontractor has limited information about the overall project 

scope, and the strategies proposed by the sub (in Item 3) to counter the impact of a 

schedule change are often focused solely on the existing problem. The schedule 

mappings approach affects this process as it enables the subcontractor to assess the 

impact of the proposed changes on the overall project schedule. In the author’s opinion, 

the use of the schedule mappings approach as an information source would increase the 

likelihood of a workable plan acceptable to both participants (Item 5 & 7).  
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If a subcontractor’s proposed plan is not acceptable for the GC (Item 5), the GC 

would propose an alternative plan based on the GC’s understanding on the overall project 

scope (Item 6). However, in the existing setup, the GC has limited capabilities to assess 

the broader impact of changes on the overall project. The schedule mappings approach 

would enable the GC to propose a workable plan by providing readily available 

information about the subcontractor’s schedule. The GC can use the add-in to evaluate 

different alternatives. The subcontractor, interviewed during the validation presented in 

Section  5.5, expressed interest in using the schedule mapping approach as an internal 

assessment tool to evaluate changes proposed by the GC (Item 8 in Figure  5.8). 

 

A general contractor (GC) can also initiate a schedule change (Item 9) which 

could affect one or multiple subcontractors (subs). The GC identifies the affected 

participants based on the information in the master schedule especially the milestone 

dates (Item 11). If the change is localized and affects only a single participant, the 

process described earlier (Items 2-8) for the sub initiated change remains applicable. 

However, if the change affects multiple project participants, the coordination becomes an 

iterative manual exercise for the GC who has limited knowledge of the individual 

participants’ constraints (darkened arrows in Figure  5.8 show such cycles, Items 13-15). 

The GC identifies the participants’ activities on the critical path and contacts each 

affected participant for their input to formulate a new plan (item 12). It is the author’s 

opinion that, in such circumstances, the availability of mapping information would 

facilitate the coordination process. The schedule mapping approach would enable rapid 

identification of the participants affected by a schedule change, which might not be 

readily possible in the existing set up by using the master schedule information alone. In 
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addition, as described earlier, the GC can make an informed assessment of alternatives 

and propose changes that are manageable by the affected participants (Item 13 & 6 are 

similar). This in turn will increase the likelihood of acceptance of the proposed changes 

by the affected participants (Item 15).  

 

The sequence of steps involved in identifying conflicts for alternative schedule 

changes using the schedule mapping add-in would essentially be the same as shown in 

Figure  4.23. The M-Tree simply serves as another source of information for the process 

and does not require any significant structural changes to the existing process. Having 

information about multiple schedules would enable the participants to rapidly identify 

alternatives thereby affecting the number of iterations required for a workable solution. In 

addition, the time to analyze potential problems would also be affected by having the 

mapping information available for use by the participants during project execution. 

 

5.3.3 Summary 

The cases presented in this section helped refine the scope of the schedule 

mappings approach. The process models presented in this section identify the points 

where the schedule mappings approach could potentially impact existing industry 

practices. The mappings can be established early in the project after the generation of the 

master schedule. The participants can collectively participate in this exercise which 

would facilitate the initial schedule coordination. Once the mappings are established, the 

information can be used to rapidly analyze alternatives in response to a schedule change.  

The industry interviews and the models presented in this section indicate that the 

schedule mappings approach can be readily deployed without any changes that would 
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discourage a user from the use of the approach. The next section presents that validation 

that explores the usefulness of the schedule mappings approach.  

 

5.4 CHARRETTE TEST INSPIRED TEST CASES 

5.4.1 Introduction 

The previous section highlights that schedule coordination is a complex exercise, 

and it is challenging to separate the intricacy of the process from that of the tools used by 

the practitioners. The objective of the validation was to explore the usability and 

usefulness of the schedule mappings approach. In particular, the validation presented in 

this subsection addresses the understandability of the schedule mappings approach by a 

range of users with some industry scheduling experience. Details of the test setup, the 

testing procedure and the lessons learned are presented next.  

 

5.4.2 Test Setup 

Initial tests with a set of students were inspired by the Charrette Test Method 

(Clayton 1998) and served as a proof of concept type testing. Two test examples with 

different complexity were set up to initially test and evaluate the schedule mappings 

approach. These tests helped in the evaluation of the understanding of the approach, and 

the feedback from the subjects of these tests was used to refine the schedule mappings 

add-in. The test examples were adopted from a published schedule example (Chester and 

Hendrickson 2005) for a five storey office building. Details of the schedules used in the 

examples can be found at the end of the dissertation in Appendix - E: Charrette Test 

inspired initial testing. 
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The first example consisted of two small schedules showing a subset of activities 

related to steel erection. The purpose of this example was to familiarize the test 

performers with the basic schedule mappings ideas (1:1, 1:m, and m:n) and to help them 

understand the functionality of the tool. The second example was more elaborate where 

32 activities were used to model the steel erection subcontractor’s activities for the same 

five storey building. The published schedule was used as the general contractor’s 

schedule for this test example and contained 161 activities.  

 

Test cases were conducted with 6 subjects including a senior planner with 20+ 

years of planning and schedule coordination experience and 5 graduate students with 

varied scheduling and industry experience. The author gave an orientation to the test 

subjects of both schedules for each example case. The subjects were then asked to 

identify conflicts in the initial schedules and the conflicts after a schedule change was 

introduced. The time taken by the users for each step was recorded by the tool itself. The 

number of conflicts identified by the users was determined during preprocessing of the 

data. During the test, the users were free to ask questions to improve their understanding 

of the individual schedules. The author observed the process and qualitative feedback 

from the users was also collected. 

 

5.4.3 Findings 

Unlike the Charrette Test method where results are compared across two different 

processes, the results in our testing were compared against the baseline set up by the 

author. The number of conflicts identified by the user was used as a quantitative 

assessment of their understanding of the schedule mappings approach. The results for the 

two cases are discussed below:  
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5.4.3.1 Case 1 

Case 1 was set up to introduce the users to the approach and the schedule 

mappings tool. The schedules in this example had no conflicts to begin with and any 

identification of conflicts would be a false positive. A change in one of the schedules 

(delay in approval of drawings) would result in two new conflicts. All participants 

performed fairly on this case and were able to identify the conflicts for both the initial 

coordination and those resulting from schedule changes. The results are shown in Table 

 5-1. 

 
Case 1 

Initial 
Coordination Schedule Changes Performer 

Time 
(min) 

Conflicts 
Identified 

Time 
(min) 

Conflicts 
Identified 

Practitioner 1 7 0 1 2 
Student 1 5 0 1 2 
Student 2 7 0 2 2 
Student 3 7 0 2 2 
Student 4 5 0 2 2 
Student 5 6 0 2 2 
Baseline  0  2 

Table  5-1 Results of Charrette type testing for a two party simple case compared 
against the baseline 

The baseline represents the known conflicts introduced in the problems by the 

author. For this simple example, all subject correctly identified all mappings and all 

conflicts. Initial setup times were in minutes and, perhaps most important, the time to 

evaluate a change in schedule and identify conflicts dropped significantly to no more than 

two minutes. The time required for initial coordination is much higher than that for the 

response to changes as it includes the time to set up the schedule mappings. It is the 

author’s opinion that if the users were to be provided with the mappings already set up, 
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the time taken to identify initial conflicts would be the same as for the identification of 

conflicts in response to change.  

 

5.4.3.2 Case 2 

Similar results were seen for the second case that is a more realistic representation 

of a medium size project (32 subcontractor activities and 161 general contractor 

activities). Initial coordination took no more than 18 minutes to setup the mappings and 

identifying conflicts; time to evaluate schedule changes took no more than 4 minutes. 

These results (Table  5-2) demonstrate the time required for setup and subsequent use is 

more than reasonable.  

 

In contrast to the Case 1, there was more variation in the quality of results. The 

practitioner and students 4 and 5 were completely correct in their setup and evaluation. 

Students 1, 2, and 3 had some difficulty setting up the mappings correctly (in particular, 

they did not fully decompose to the smallest possible mappings). There were some false 

positives due to incorrect mappings and some conflicts were identified at an intermediate 

level of mapping (i.e., a mapping decomposition not yet reduced to the smallest possible 

mapping).  

 

These results carried over to the introduction of schedule changes. Observation by 

the researchers suggests that the difficulties experiences by the students had more to do 

with limited experience and knowledge of the schedules than with inherent problems with 

the tool. Student 2, in particular, performed the worst but also had almost no professional 

experience.  
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Case 2 
Initial 

Coordination Schedule Changes Performer 
Time 
(min) 

Conflicts 
Identified 

Time 
(min) 

Conflicts 
Identified 

Practitioner 1 18 6 2 10 
Student 1 18 5# 1 9# 
Student 2 11 4*  # 1 5* # 
Student 3 17 5* 3 11* 
Student 4 15 6 4 10 
Student 5 15 6 3 10 
Baseline  6  10 

Table  5-2 Results of Charrette type testing for Case 2 compared against the baseline. 
The * indicates false positives. The # indicates that the mappings were not 
decomposed to the smallest possible mappings level 

 

Similar to the first case, the time for identification of initial conflicts was much 

higher because it included the time required to set up the mappings. The results indicate 

that the time required to identify the conflicts in response to a change is similarly not very 

substantial.  

 

5.4.4 Key Observations and Lessons Learned 

The results of the Charrette inspired test cases show that the approach is 

understandable and can be used by a range of users with varied backgrounds. However, 

the results also indicate that the users, based on their different understanding of the 

schedules, can falsely identify conflicts between activities. It is possible that further 

introduction to the cases would have caused all test participants to improve their time; 

however our overall conclusion from these cases is that the schedule mappings approach 

and tool are viable for medium to small projects. 
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The test performers had a different take on the way they identified the conflicts. 

The more experienced performers, like the practitioner, immediately started thinking 

about resolution strategies and were able to better utilize the capacity of the tool to 

readily, visually identify the conflicts. The classification of conflicts (Figure  4.5) based 

on Allen’s temporal interval relationships (Allen 1983) was particularly fascinating for 

the practitioner who was able to precisely identify the problems without doing the 

calculations manually.  

 

The results show that the approach can be used for a moderately complex problem 

and a range of users can use the mapping approach. The tests helped refine the prototype 

by identifying implementation choices that needed improvements for a friendlier user 

experience. Modifications were made to the prototype to incorporate the feedback of the 

users regarding usability of certain aspects of the tool. For example, when a mapping was 

split or decomposed, the users had difficultly finding newly created mapping. The 

application was modified to allow the users to rename the newly created mapping during 

the said operations. 

 

5.5 CASE STUDIES: 

The second part of the validation involved application of the schedule mappings 

approach to real construction project scenarios by the researcher in conjunction with the 

practitioners involved in the projects. Table  5-3 lists some of the characteristics of the 

projects that were used for the case study. The schedule activities marked with a * 

indicated that only a partial schedule was available listing fewer than actual activities. 

Samples from the schedules of the participants are presented at the end of the dissertation 

in Appendix - F: Industry Project Cases.  
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The results of the case studies are summarized in Table  5-4. The times mentioned 

in the table are conservative as the researcher and practitioners were working together 

with one lacking the knowledge of the actual schedules and the other lacking the 

knowledge of the mapping approach. It is the author’s opinion that a practitioner familiar 

with the schedules as well as the mapping approach would be able to do the same work 

much faster. Key details of each case follow. 

 

5.5.1 Case 1: Hospital Building – Preconstruction Planning 

5.5.1.1 Project Description 

The researcher worked with the subcontractor responsible for the building 

envelope for a hospital project in the United Kingdom. The subcontractor was 

responsible for fabrication and installation of curtain walls, doors and windows for the 

project. The project was in the preconstruction stages, and the participants had shared 

substantially detailed schedules. The general contractor’s schedule consisted of 500+ 

activities and covered the entire scope of the project. The GC’s schedule showed the 

subcontractor’s work broken down based on gridlines across the building’s different 

elevations. However, in their own schedule, the subcontractor modeled the scope of work 

based on the fabrication requirements and had activities scheduled based on the sequence 

in which key elements were needed to be installed for the envelope. Each element was 

broken down further into frame, glass (where needed) and panel installation. The 

subcontractor’s schedule contained 200+ activities, which were essentially scheduled as a 

bar chart. 



 

 

Case 
No 

Type of 
Project 

Number of 
Participants 

GC’s # of 
Activities 

Sub’s Number of 
Activities 

1 Hospital 
Building 2 577 220 

2 Commercial 
Building 2 35* 124 

3 
Food 
Processing 
Plant 

3 1519 46* for Civil Works 
190 for Piping 

Table  5-3 Profile of projects used for the Case Study, * indicates partial schedules 

 
Number of Schedule 
Mappings formed Case 

No Type of Project Performer 

Time to Set 
up the 
Mappings 
(mins) 1:1 1:m m:n 

Number of 
Conflicts 
Identified 

1 Hospital Building Author and 
Practitioner 45 0 2 8 9 

2 Commercial Building Author and 
Practitioner 60 0 9 2 11 

3(a) Food Processing Plant 
(Civil Works) 

Author with 
information provided 
by the Practitioner 

120 7 2 1 8 

3(b) Food Processing Plant 
(Piping) 

Author with 
information provided 
by the Practitioner 

60 8 0 0 8 

Table  5-4 Summary of the findings of Case Studies 
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5.5.1.2 Testing Details 

The schedule for the subcontractor was essentially a bar chart schedule with no 

precedence constraints introduced between the activities. The scheduler would manually 

update the activities, and there were errors in calculations in many places. In its original 

form, the schedule was not fit for use with the schedule mappings approach. The 

researcher worked with the scheduler to capture the intent of the subcontractor and 

introduced the precedence constraints into the subcontractor’s schedule to have a more 

realistic view.  

 

The subcontractor’s scheduling personnel introduced the researcher to the details 

of the project and the activities in the GC’s schedule that had bearing on the activities of 

the subcontractor. Key associations between the schedules were pointed out by the 

subcontractor’s scheduling personnel. The two schedules were then mapped using the 

mapping approach by the researcher. The work breakdown structure (WBS) similarities 

provided a starting point for the mappings. 

 

5.5.1.3 Key findings 

Although the subcontractor’s schedule was not in a format that could be readily 

used for the schedule mappings approach, the researcher was able to modify it in 

relatively quick time (45 mins) to represent a network based view of the subcontractor’s 

intent. The details of the schedule were then verified with the subcontractor to ensure that 

no new conflicts were introduced by the researcher. The mapping process by itself took 
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nearly 45 minutes and was performed by the researcher in conjunction with the 

practitioner.  

The results showed a number of conflicts ranging from the subcontractor 

scheduling activities a week earlier than the general contractor had him on the jobsite, to 

the general contractor allotting very little time for complicated curtain wall installations. 

In total, 9 scheduling conflicts were identified by the researcher.  

 

Figure  5.9 shows an interesting mapping where the GC had split the activities 

based on column gridlines where as the sub, concerned with the fabrication, had the 

elevation broken down into individual curtain wall panels. Some panels crosses column 

gridlines and it was not possible to find smaller mappings in this case. This case confirms 

the many-to-many type (m:n) of mappings that were present in the motivating example 

introduced early on in the dissertation (Section  2.1). 

 

 

Figure  5.9 Interesting matches found for the preconstruction planning case 
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This case demonstrated the application of the schedule mappings approach on a 

real life project during the initial coordination phase. The results indicate that the setting 

up of mappings is not overly taxing and can be achieved in a reasonable time frame. The 

conflicts, identified using the schedule mappings approach, were not readily noticed by 

the subcontractor even though the subcontractor had a detailed schedule. 

 

5.5.2 Case 2: Office Building – Retrospective Analysis 

5.5.2.1 Project Description 

Another project for the same subcontractor was examined for which the 

subcontractor was responsible for fabrication and installation of the building envelope. 

The general contractor had shared only a subset of their schedule with the subcontractor 

related to the subcontractor’s scope of work modeled at a very high level. The 

subcontractor modeled the procurement and fabrication activities around those activities. 

The project had run into substantial delays, and the schedules obtained by the researcher 

showed that the general contractor’s schedule updates were largely aimed at resolving 

conflicts as they arose. The schedules were not being actively updated or used for 

management of actual work. 

 

5.5.2.2 Testing Details 

The general contractor had shared the part of his schedule with the subcontractor 

only in paper format. The schedule was converted into an MS Project document by the 

researcher, and dates were verified by the subcontractor’s scheduling personnel. The two 

schedules were then mapped by the researcher in conjunction with the subcontractor’s 

personnel. The process took about an hour. The results of the mapping were shared with 
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the subcontractor’s scheduler who identified the tasks that were mapped incorrectly. The 

mappings were corrected with the help of the scheduler and were then used to affirm the 

conflicts. The study was mostly retrospect verification of conflicts that had occurred 

during the scope of the on going project. 

 

5.5.2.3 Key findings 

The schedules were out of date and were not being used for day to day 

management of site operations by the GC. The project had run into long delays and this 

case was mostly a retrospective analysis. Figure  5.10 shows an example mapping where 

the activities for subcontractor were delayed a few months past the time they were 

initially scheduled in the GC’s schedule. The subcontractor expressed interest in the use 

of the approach to pre-empt the impact of such delays by the GC and use the information 

to optimize their fabrication scheduling.  

 

 

Figure  5.10 An example mapping for the retrospective analysis case  
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The case helped demonstrate utility of the schedule mappings approach from the 

subcontractor’s perspective. The subcontractor expressed interest in the use of the 

approach to pre-empt the impact of such delays to optimize their fabrication scheduling. 

The case helped demonstrate utility of the schedule mapping approach from the 

subcontractor’s perspective as, once mapped, even the limited detail present in the 

contractor’s schedule is sufficient for the subcontractor to assess the impact of changes 

on its scope. 
 

5.5.3 Case 3: Food Processing Plant – During Project Execution 

5.5.3.1 Project Description 

The project for this case was the relocation of a food processing plant to China. 

The planning services were being provided by a services company in the UK. The 

researcher worked with a senior planner involved in the project providing services on 

behalf of the general contractor. The planner was responsible for ensuring that the 

schedules of all participants were up to date and reflected a consistent view during the 

execution of the project. The researcher examined the coordination of the schedules for 

the piping and civil works subcontractors with the general contractor’s schedule for this 

case.  

 

The key point of interest was that all schedules including the general contractor’s 

schedule had been generated by parties other than the planner. The general contractor’s 

schedule contained 1500+ activities and covered the entire scope of the project. The 

piping subcontractor’s schedule had detailed activities for their scope of work modeled 
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using 190 activities. The civil works subcontractor’s schedule only included activities for 

the upcoming four weeks. 

 

5.5.3.2 Testing Details 

The schedules for the two subcontractors were much evolved and were in MS 

Project format. However, the schedule for the General Contractor was in P3 and had to be 

processed for use with the schedule mappings application. The dates in the P3 and MS 

Project schedules were confirmed manually by the researcher. 

 

5.5.3.3 Key findings 

The schedules were extremely complex and exhibited the characteristics of a 

distributed heterogeneous problem. The schedules were generated by multiple 

participants and had different breakdown structures for many activities. The conversion 

of the schedule from P3 to an MS Project file was not lossless and required attention. The 

results, however, were confirmed by manually checking the dates for the mapped 

activities with the original P3 schedule. The mapping process itself was complicated as 

the transformation from P3 to the MS Project resulted in a flat hierarchy of the schedule 

with no work breakdown structure WBS information. 

 

It took 2 hours to set up the first set of the mappings, and 8 conflicts were 

identified. The conflicts ranged from the Sub running late with his activities to the GC 

scheduling the Sub later than the Sub had them scheduled. The second participant’s 

mapping required 1 hour, and resulted in discovery of 8 conflicts at the smallest possible 
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mapping level. Most of these conflicts show the GC’s scheduling activities earlier than 

the SC had scheduled in its schedule (Figure  5.11). 

 

 

Figure  5.11 The mappings and the possible conflicts for the project during execution - 
pining subcontractor 

 

5.5.3.4 Lessons Learned 

As with Case 1, the differing perspectives of the firms limited decomposition. The 

planner was facing challenges in coordinating disparate scheduling perspectives and 

came across significant problems where the breakdown of activities did not match. For 

example, the piping contractor had scheduled large sections of pipe as installation of 

activities from point A to B where as the general contractor had broken down that same 
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pipes into floor wise activities. The planner also indicated that he had been doing 

informal mappings of schedules using Excel spreadsheets to work around these problems 

for other projects he had worked on in the past. 

 

The planner also identified potential upgrades for the mapping tool to handle 

schedule progress updates. For example, the schedule mapping add-in tested had no 

capability to compare conflicts between the planned dates and new conflicts resulting 

from progress updates. The tool was modified based on the feedback of the planner to 

enable analysis of how conflicts arise as the project progresses. The users can now use 

the tool and use the same mappings to analyze conflicts based on a number of different 

pairs of dates (planned vs. actual, baseline vs. actual). 

 

5.6 SUMMARY OF VALIDATION 

The results of the validation show that the mapping approach can be applied to a 

wide range of projects. The Charrette Test cases and the user feedback indicates that the 

approach is understandable and can be used by a range of users. The process models for 

existing scheduling practices, application to ongoing project cases, and observations by 

the author affirm that the schedule mappings approach can be deployed without any 

significant process changes. The schedule mapping approach is viable and the feedback 

from the practitioners affirms that the schedule mappings approach captures existing 

informal processes performed during schedule coordination. The schedule mappings 

approach formalizes those processes and captures the information generated for use later 

in the project lifecycle.  
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The mappings are set up once, and that information is retained for use later in 

response to changes. In the broader context, the validation exercise shows that the 

complexity of the schedule coordination problem can be attributed to the understanding 

of the user’s understating of the project schedules.  
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6. CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

6.1 CONCLUSIONS 

This dissertation presents a rich set of constructs that can be used to model and 

analyze different schedule coordination problems. The schedule mappings approach 

provides a language and tools to support schedule coordination in a distributed 

environment while allowing participants to maintain their individual perspectives. During 

the course of this research, two prototypes were implemented to refine the approach and 

validate its applicability to other projects. A series of validation case studies with students 

and industry professionals were carried out. The tool was refined based on the lessons 

learned from these tests. The tool was used on three on going projects to demonstrate its 

applicability on larger projects. From the validation, we conclude that the schedule 

mappings approach is usable and useful. The validation demonstrated that the approach 

was understood by a range of users, was easily deployed, and was viable as it added value 

to the overall schedule coordination process. 

 

6.2 RESEARCH CONTRIBUTIONS 

The schedule mappings approach allows coordination across a set of network 

schedules; the language and formalisms described in this dissertation provide the 

necessary foundation for analysis across multiple schedules.  The dissertation discusses 

coordination in the case of temporally inconsistent schedules in the context of a GC and a 

Sub, as well as extensions to the multiparty case. The work reported on in this 

dissertation presents the necessary framework for a variety of analyses and extensions, 
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and, as such, represents a broad contribution to the theory and practice of schedule 

coordination.  

 

 

6.2.1 Contributions to Knowledge 

The primary contribution of this dissertation to the discipline of schedule 

coordination is the capability of the schedule mappings approach to model conflicts that 

span multiple distributed, heterogeneous schedules. The research reported in this 

dissertation demonstrates the use of the approach on a number of complex projects. The 

model allows analysis at various levels of detail and provides a way to tackle the 

heterogeneity of perspectives that stem from multiple schedules. The approach is a first 

step in enabling analysis across multiple schedules and represents a shift in paradigm.  

 

The schedule mappings approach extends the traditional view of schedule 

conflicts to include the range of temporal relationships introduce by Allen (Allen 1983). 

The formalism introduced by the schedule mappings approach, extend the capabilities of 

existing software to model these temporal associations between activities from different 

schedules.  

 

6.2.2 Contributions to Practice 

The schedule mappings approach represents a useful contribution to practice that 

narrows the coordination challenges faced by project participants. Modeling of 

scheduling conflicts is a necessary step for development of tools to facilitate diagnosis, 

interpretation and richer analysis of scheduling problems. One such diagnostic capability 
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demonstrated in this dissertation; the ability to identify all participants affected by a 

change in the schedule of any participant, supports the coordination tasks of the general 

contractor (GC). The identification of a smaller group of activities within the schedules of 

those participants is even more useful and allows the GC to identify the tasks from the 

schedules of all participants that would be affected by a schedule change.  

 

The steps involved in the schedule mappings approach necessitate a deeper 

analysis of the schedules. The research presented in this dissertation provides a set of 

formalisms to capture coordination information that already exists in some informal 

manner. Improved understanding of the schedules and scheduling conflicts is the 

ancillary benefit of this formalization.  

 

6.3 FUTURE WORK 

For future directions for this research, alternatives to the manual discovery of 

initial and subsequent schedule mappings would be interesting to explore. Current 

implementation allows users to manually select activities based on their judgment and to 

map them into one schedule mappings over the other. An interesting future direction 

would be to facilitate the mapping process by providing cues to the user based on similar 

activity names and structural similarities between the schedules.  

 

The current framework and implementation focuses on temporal constraints only. 

Other constraints can be added to this framework once we have a set of temporally 

consistent schedules. Much ongoing research focuses on representation of internal 

constraints for a subcontractor, in particular, capacity constraints and information about 

how a delay on another project affects the performance on the current project. Addition 
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of such constraint information to the schedule mappings formalisms will greatly extend 

coordination and analysis possibilities. Here, we do not see the task as much as one of 

increasing the scope of the formalisms but rather one of concern for implementation as 

the burden on the subcontractor for maintaining a computer version of its schedules and 

resource allocation is greatly increased.  

 

An intermediate step, perhaps, is the extension of the application that supports 

schedule mappings to allow rapid formalization of subcontractor schedules. In this case, 

the GC schedule can be used to rapidly build a subcontractor schedule for the project that 

is mapped while constructed. A schedule template for standard work that the 

subcontractor performs may also speed the mapping process.   

 

The current exploration of the actual schedule mappings was limited to finding 

activities within the schedules that related to the same construction task. Once the 

framework is extended to represent constraint information from multiple participants, 

future research could explore other similarities between the activities. One possible 

option is grouping activities based on a particular shared resource or work area. This type 

of mapping of activities would facilitate rapid detection of potential space and resource 

conflicts. 
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Appendix - A: Specifications of the M-Tree 

Structure of the M-Tree 

One can think of this indexing structure as a mix of ISAM,  B+ Tree, and R* Tree 

database indexes (Norbert et al. 1990; Ramakrishnan and Gehrke 2003) with some 

special links between the leaf nodes. Figure A.1 shows a logical representation of a M-

Tree.  

 

 
 

Figure A.1: Structure of the M-Tree showing the Root, Routing and Leaf Nodes 

 

Each M-Tree is stored in the form of an XML document and has the following 

information: 

• Header Information 

• Information about the Tree Nodes 
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Header Information 

The header part of the XML contains information necessary for identification of a 

particular M-Tree. Table A-1 highlights the contents of the M-Tree header. The root ID 

and the M-Tree ID are key elements used in the current implementation. The M-Tree ID 

is randomly generated when the tree is first created and is used to uniquely identify an M-

Tree from a group of trees associated with a single schedule. The Root ID is critical to re-

establishing the parent – child pointers when an already existing Tree is loaded from an 

XML file on disk. 

 
Sr. 
No. Name Range of 

Values Actual Description Remarks 

1.  RootID Number ID of the root Node 
Used During 
loads and 
Stores 

2.  A pointer to the root node Null / 
Pointer  Not Stored in 

XML 

3.  TreeID Number 
A random number 
generated when the 
tree is first created 

Used to 
identify the 
Tree 

4.  Status of Tree  Valid / 
Invalid 

Set to reflect changes 
in the tree that 
invalidate it 

 

5.  Time Stamp of Last 
Validation 

Null/Time 
Stamp 

Used to make sure 
that mapping is still 
valid 

 

6.  Outer Window Firm Text Coordinator Name of firm 
7.  Inner Window Firm Text Other Participant Name of firm 

8.  Outer Window Schedule 
File 

XML File 
name 

Use to track the files 
that are used to build 
this tree 

 

9.  Inner Window Schedule 
File 

XML File 
name 

Use to track the files 
that are used to build 
this tree 

 

 

Table A-1: Information Stored in the M-Tree Header 
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M-Tree Nodes 

The M-tree structure consists of two types of nodes with typical parent child 

hierarchy. 
 

Routing Node 

Routing nodes are used to route search through this indexing structure and are 

also used to capture the decomposition hierarchy. All dates in these nodes come from the 

Coordinator’s schedule.  The routing nodes capture the history of decomposition of the 

tree. Table A-2 shows the information included in each routing node. Some of the 

information included is not used for the current implementations. 
 

Leaf Node 

Bulk of the information is stored in the Leaf nodes in this tree. The Leaf nodes are 

connected to each other through precedence constraint pointers. Each Leaf node 

represents a smallest possible mapping and includes information about the activity sets 

and related time windows. Although the time windows are stored as a part of the M-Tree, 

they are not used for validation as – is. The windows are updated every time there is a 

change in the schedules and are updated during loads and stores of the tree to reflect the 

up to date information in the schedules. The date information was intended for offline / 

disconnected operations. Table A-3 shows the information stored for the leaf nodes. The 

Node state flag is not used by the current implementations. 



 

 

 

Sr. 
No. Name Range of 

Values Actual Description Remarks 

1.  Mapping ID Some 
integer 

Uniquely identifies a node and remains 
the same throughout the life of the node. 

IDs are preserved during load / 
store from XML into memory 

2.  Mapping Name Text Stores the significant information 
regarding the decomposition hierarchy  

3.  NodeState 
Default 
Root 
Significant

Default: some dummy value 
Root: the routing node is the root node 
Significant: If a routing node is set as 
significant, the tree beyond that point is 
never navigated during validations. All 
validations are done for significant nodes / 
minimal leaf nodes only 

Must be preserved during 
Loads/Stores 

4.  Pointers to all 
Children  

Each routing node can have any number 
of children. These pointers need to be 
maintained by keeping actual pointers. 

An alternative approach would 
be to maintain a pointer hash 
table based on Mapping ID and 
maintain a list of IDs. A single 
lookup will provide the pointer 
and the Load/Store operation 
on XML would be simplified. 

5.  Pointer to Parent Null/Ptr Null for Root Used for navigating the Tree 

6.  Start Date Date The earliest start date of the significant 
dates for all the child windows.  

7.  FinishDate Date The furthest finish date for all the child 
windows  

 

Table A-2: Information Included in the Routing Nodes 
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Sr. 
No. Name Range of 

Values Actual Description Remarks 

1.  Mapping ID Some integer Uniquely identifies a node and remains the 
same throughout the life of the node. 

IDs are preserved 
during load / store  

2.  Mapping Name Text Stores the significant information regarding the 
decomposition hierarchy 

Optional for Leaf 
Nodes 

3.  NodeState 
Minimal/ Child 
of Significant 
 

Minimal: is the smallest possible  
Child of Significant: Parent in the above levels 
has been designated as Significant. Node can 
be invalid at any time as long as the parent 
remains Valid. 

Child of Significant 
nodes are never visited 
by validation. They are 
summarized up to the 
highest significant 
parent level. 

4.  Valid Valid / Invalid Indicates if a Node is valid or not.   
5.  Pointer to Parent Null/Ptr Null for Root  

6.  

Outer Window 
Information 
a. Start Date 
b. Finish Date 
c. Number of 
Activities 
d. List of Activity IDs 

 

The start and finish dates represent the earliest 
and latest dates from all the activity start and 
finish dates respectively. These dates could 
come from planned dates in the schedule. 

 

7.  Inner Window   Same set of information as for outer window  

8.  

Constraint 
a. Type 
b. Mapping ID 
c. Min Lag 
d. Current Lag 
e. Pointer 

Type: P/S 
This is Mapping Based constraint information 
and will be derived from Activity level 
constraint information 

Done as a second pass 
during the tree building 
process 

Table A-3: Information Included in the Leaf Nodes 
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M-Tree XML Format 

The information presented in Tables A-1, A-2 and A-3 is stored in the form of an 

XML document for each M-Tree. Figures A.2, A.3 and A.4 show the XML structure for 

the header, the routing nodes and the leaf nodes respectively. 

 

 

Figure A.2: Portion of M-Tree XML Schema showing the M-Tree Header Information 

 

 

Figure A.3: Portion of M-Tree XML Schema showing a Single Routing Node 
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Figure A.4: Portion of M-Tree XML Schema showing a Single Leaf Node 
 

Tree Functionality: 

In addition to the constructor and destructor, following functions need to be 

implemented for this structure: 

 
1. Find (based on Mapping ID): 

Given a Mapping Id, returns the pointer to that Mapping. Initial implementation 

requires an exhaustive search of the tree. We can optimize this later by building a hash 

table. Returns Null if not found. 
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2. Find (based on activity ID) 

Given an Activity ID, Returns the pointer to the mapping that contains that ID. 

Initial implementations require a function each for the Inner and Outer window IDs. An 

optimization, if the IDs are unique, would be to build a single hash table and a single 

query function. Returns Null if not found. 

 
3. Find (based on Date) 

Given a date or a date range, returns a list of pointers to all the mappings that 

cover that range. This function only returns pointers to the MINIMAL / Significant 

mappings. 

 
4. Iterate 

This function provides means to build an iterator that would provide ability to 

traverse all the nodes designated as MINIMAL or SIGNIFICANT in any order. This 

would be a useful Utility function for implementing Find Functions. 

 
5. Add constraints 

This function would add constraints to the tree after all mappings have been 

split/decomposed to the Minimal level. Traverse the Coordinators schedule and figure out 

how to transform constraints into the applicable format. Once the constraints are 

discovered, they are added to the respective mappings. 

 
6. Store 

This function Stores the tree on Disk in XML format. The present versions of the 

implementation use the Visual Basic ®  XMLSerialization class. 
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7. Load 

This function loads the tree into memory and adjusts all the pointers (parent/child, 

precedence). The XMLSerialization class is used to read the tree back into memory and 

the pointers are programmatically restored. 
 

Node Functions 

In addition to the accessors / mutators, constructors and the destructor, following 

functions are needed: 
 

1. Summarize 

This function can be called on any ROUTING node only. This would result in 

creation of a temporary leaf node that is a clone of the routing node (same ID). The 

resulting leaf node will contain a union of ALL the information for ALL of its children 

including the constraint information. Only constraints pointers that point OUTSIDE the 

leaf will be retained. The function would return a pointer to the temporary node. 

 

FS

F1S1 F2S2 F1S1 F2S2

F1S1 F2S2

 

Figure A.5: Summarize Operation 
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2. Decompose 

Given two sets of activities (one for each window) along with a significant name, 

this function would replace the current LEAF node with three new nodes. A routing node 

will replace the node at its current position and two new leaf nodes will be created as the 

children of this routing node. One child will contain activities identified in the function 

call and the other child will consist of the remaining activities. This would result in an 

increase in number of levels of the tree. 

 

 

Figure A.6: Decompose Operation 
 

 

3. Split 

A split on a LEAF node would result in replacing the current node with two new 

LEAF nodes. An alternate implementation could be to create one new node and 

redistribute activities as per parameters specified in the function call. 



 

 135

 

Figure A.7: Split Operation 
 

Building of the Tree 

The building of the tree would involve the following steps: 

 

1. All activities will be identified from BOTH schedules and a new leaf node 

will be created. That leaf node will be designated as the ROOT 

2. Repeated DECOMPOSE and SPLIT operations will result in formation of 

routing nodes as well as leaf nodes. 

3. The process will end after ALL smallest possible mappings have been 

discovered 

4. An optional step would allow the user to designate any intermediate 

routing nodes as significant nodes 

5. The final step would be to run a VALIDATION algorithm on the tree to 

make sure that all windows are valid and all the windows line up properly. 
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Appendix - B: XML Schemas for Stand Alone Prototype 

 
Schema for the Schedule XML Files 
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Schema for the ScheduleMeta XML Files 
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Appendix - C: Schedule Mappings MS Project® Add-in 

The originally developed first prototype applications for the schedule mappings 

approach were difficult to deploy for validation with users other than the researcher. The 

learning curve for the existing applications and the schedule mappings approach 

exceeded was overly burdensome for the participants. The new prototype was developed 

as a Shared Add – in for Microsoft ® Project 2003 ® (MSP) using Visual Studio 2005®. 

The add-in was developed by essentially porting the core functionality of the stand alone 

application and making necessary changes to the code to accept MSP files as schedule 

inputs.  

Key differences from the first prototype are listed below 

 

• A separate menu was added to the MS Project application for the Schedule 

Mappings tools. Details of the tools are discussed later in this section. 

• The ScheduleMeta files were replaced by making M-Tree ID and Mapping ID 

entries in the Text29 and Text30 fields of the individual MSP files. These values 

are used to filter activities in the MSP window when a particular mapping is 

selected. 

• The validation code was modified to rely on the MS Project solution engine. The 

mappings are checked for invalid status after any schedule is recalculated by 

MSP. These modifications allow a more realistic analysis and extend the 

capability of the tools to handle real life projects. 

• The multiple applications of the first prototype were combined into a single 

application for rapid deployment, increased usability and better code reuse. 
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Tools for MS Project Add-in 
 

Mapping Control Panel 

The mapping control panel essentially combines the functionality of the Mapping 

Bridge and the Multi Tree Viewer applications. The application extends the functionality 

beyond the basic mapping functions. The user can use any available schedule dates for 

comparison of conflicts between different date pairs (Planned vs. Actual, Baseline vs. 

Actual). The add-in relies on the MSP interface for schedule manipulation and uses the 

MSP solution engine to recalculate schedules in response to changes.  

 
 

 

Figure C.1 Schedule Mappings Add-in – Mapping Control Panel 
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Mapping Selector 

A tool was implemented to allow the user to maintain the M-Trees in response to 

schedule revisions. The tool allows the user to reuse the existing mapping information. 

The tool allows to add new activities to existing mappings, switch activities between 

mappings, and to delete activities from existing mappings. The activities can be easily 

moved from one M-Tree to another by selecting the destination M-Tree from a drop 

down menu.  

 

 

Figure C.2 Schedule Mappings Add-in – Mapping Selector 
 
Summary 

The new tool presents a familiar user interface for schedule manipulation and 

hence should reduce the learning curve for the mapping approach. However, the add-in is 

tied into the MSP application and violates one of the heterogeneity dimensions of the 

problem – heterogeneity of schedule software used by the participants. The intent for this 

development was to package the application in a format that could be used by users on 

real projects without significant process changes. The added robustness of the MSP 
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solution engine, as opposed to the rudimentary solution engine for the first prototype, 

makes this implementation more applicable for more complex and larger projects.  
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Appendix – D: Interview Guide 

Section 1: Initial Schedule Generation 

Q1. How to create a schedule for a project? A Description of the Scheduling Process: 

a. How and Where to start from? 
b. Decisions about Breakdown Structures, Level of detail, Software Tools, etc 
c. How does the schedule evolve into the final product? 
d. What information is needed for building a quality schedule? 
e. Handling of Constraints (Resources, Materials, Workspace, Cost, Other 

Participants’ Constraints) 
f. Which personnel are involved in the process? 
g. What is difficult? What takes the most time? 
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Section 2: Coordination of Initial Schedules 

Q1. Do participants have individual schedules on the project? 

 

 

Q2. Is there a role played by the GC in generation of subcontractors’ schedules? Any 

starting points etc.? 

 

 

 

Q3. How to verify that the schedules are compatible to begin with? (The Process) 

a. For a technologically savvy subcontractor? 

 

 

 

b. For a small subcontractor with very informal scheduling capabilities? 

 

 

 

Q4. What is difficult in this process? What take the most time? 

 



 

 144

Section 3: Response to a Schedule Change 

Q1. How is a change/conflict detected? 

 

 

Q2. What are the common factors behind a schedule change? 

 

 

Q3. How to decide which participant to reschedule in case of a conflict? 

 

 

Q4. What are the steps involved in restoring the schedule to a consistent state in 

response to a schedule change? (The Process) 

 

 

 

 

 

 

 

Q5. What is difficult in this process? What take the most time? 
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Section 4: Scheduling in General 

Q1. What are the different types of schedule on a typical project? 

 

Q2. At what stage are the subcontractors involved in the project and project 

scheduling? 

 

 

Q3. For each type of schedule 

1. Schedule Type: _________________ 

Scheduling Method Tools Used Information Sources 

Primary Responsibility Frequency of Update Constraints Modeled 

 

2. Schedule Type: _________________ 

Scheduling Method Tools Used Information Sources 

Primary Responsibility Frequency of Update Constraints Modeled 
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3. Schedule Type: _________________ 

Scheduling Method Tools Used Information Sources 

Primary Responsibility Frequency of Update Constraints Modeled 

 

4. Schedule Type: _________________ 

Scheduling Method Tools Used Information Sources 

Primary Responsibility Frequency of Update Constraints Modeled 

 

5. Schedule Type: _________________ 

Scheduling Method Tools Used Information Sources 

Primary Responsibility Frequency of Update Constraints Modeled 
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Summary Questions: 

Q1. What role do the following play in the scheduling process? 

a. Contract Type 

 

 

b. Complexity of the Project 

 

 

c. Information Technology awareness of the subcontractors 

 

 

d. Type of the Project 

 

 

e. Schedule Pressure 

 

 

f. Regional Market (availability of resources, participants, etc) 

 

 

Q2. During the decision making process, what information is available about 

Subcontractors’ individual constraints? 
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Appendix - E: Charrette Test inspired initial testing 

Introduction 

Charrette Test inspired (Clayton 1998) validation of the schedule mappings 

approach with the new prototype was conducted using a set of schedules generated from 

a published schedule example (Chester and Hendrickson 2005). The schedules in the first 

example had no conflicts to begin with and any identification of conflicts would be a 

false positive. A change in one of the schedules (delay in approval of drawings) would 

result in two new conflicts. The researcher introduced 6 initial conflicts for the second 

example that would change to 10 conflicts after a schedule change (delay in fabrication). 

The time it took for the subjects to identify the initial conflicts and conflicts after a 

schedule change were also recorded for both the cases. 

 

 
Case 1: Two Party Simple Case 

A simple two participant case example was set up to illustrate the mapping 

concepts and to familiarize the users with the basics of the mappings approach.  Figure 

E.1 shows a subset of activities for the general contractor and Figure E.2 shows the 

corresponding subcontractor schedule for steel erection activities. Figures E.3 through 

E.9 show the initial mappings, schedule change, and conflicts resulting from the change. 

 

 

Figure E.1 General Contractor’s Schedule 
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Figure E.2 Steel Erection Subcontractor’s Schedule 



 

 

 

Figure E.3 Mapping 1 is shown as a 1:1 mapping between drawing activities and is in Valid State  

150



 

 

 

Figure E.4 Mapping between fabrication related activities is a 1:m mapping and is Valid to being with 
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Figure E.5 Mapping between steel installation activities is a m:n mapping and is shown as valid  
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Figure E.6 Final Result of the Mapping – 3 Schedule Mappings with all activities mapped from the GC’s Schedule 

and 1 unmapped activity (order steel) in the Subcontractor’s Schedule 
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Figure E.7 Change in Submit Shop Drawings activity of GC results in 2 invalid mappings highlighted by a  next 

to the mapping 
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Figure E.8 The delay in drawing resulted in Fabrication Activities showing a conflict where the Subcontractor has 

activities scheduled to start before the start date in the GC’s Schedule. However, the activities are 

scheduled to finish before the end date in the GC’s schedule (Case 2 from Figure  4.5) 
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Figure E.9 The delay in drawing resulted in Installation of Steel showing a conflict where the Subcontractor has 

activities scheduled to start before the start date in the GC’s Schedule. However, the activities are 

scheduled to finish before the end date in the GC’s schedule (Case 2 from Figure  4.5)
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Case 2: Two Party Complex Case 

For the more complex example, the entire General Contractor schedule was 

presented to the users along with a synthesized detailed schedule for the subcontractor. 

Figure E.10 shows the mapped activities from the GC’s schedule and Figure E.11 shows 

mapped activities from the subcontractor’s schedule. 

 

 

Figure E.10 Subset of activities from the General Contractor’s Schedule 

 

The schedules were set up to have a mix of possible mappings and had a few 

initial scheduling conflicts. A delay in fabrication and delivery activity for the first floor 

was introduced in the subcontractor’s schedule, which would result in additional 

conflicts.  
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Figure E.11 Subset of activities from the Subcontractor’s Schedule  

 

Figures E.12 to E.15 show the results of the mapping process. The detailed 

conflicts are not shown here but the conflicts can be readily identified by clicking on the 

mapping. Figure E.13 shows how the users can find conflicts at a higher level of detail 

without decomposing the mappings to the smallest possible mappings level. 

 



 

 

 

 

Figure E.12 Initial Mapping between the two schedules shows no conflict. Activities for the subcontractor are 

scheduled within the time frame for the GC’s activities 
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Figure E.13 The initial mapping is split into smaller mappings and reveals 3 conflicts. These conflicts are not 

identified at the smallest possible mapping level 
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Figure E.14 A further decomposition of the mappings in Figure E.13 results in the Final Result of the mapping 

showing 6 initial conflicts at the smallest possible mappings level  
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Figure E.15 A change introduced into the subcontractor’s schedule results in new conflicts, which are highlighted by 

the mapping tool 
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Appendix - F: Industry Project Cases 

Case 1: Portion of General Contractor’s Schedule for Hospital Project 
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Case 1: Portion of Subcontractor’s Schedule for Hospital Project – Old Schedule 
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Case 1: Portion of Subcontractor’s Schedule for Hospital Project – Modified Schedule 
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Case 2: General Contractor’s Schedule for Office Project 

 

. 
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Case 2: Portion of Subcontractor’s Schedule for Office Project 
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