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Abstract 
 

Project control is essential to ensure that the investment on a project is providing the intended benefits 
and is valuable to the customers. Previous methods offer project performance monitoring and forecasting 
tools, but they lack accuracy and the associated techniques omit the project financial risk (any unplanned 
event that has an impact on schedule and budget); the main factor of project failure. Poor project 
execution, and particularly failure to control and accurately forecast the project performance, may lead 
to increased costs, upset customers and eventually loss of market share. These gaps have been filled in 
this study by the development of novel models that use statistical analysis of the previous project 
performance, including risk evaluation techniques. The proposed models succeeded in providing 
remarkably improved forecasts in three project dimensions: duration, cost and resources. The robustness 
of the models has been verified by testing them on real projects. The results show superiority in terms of 
accuracy and easy application compared to any existing method, proving that the risk inclusion provides 
improvement compared to previous studies. The most important features of the models are: risk-based 
adjustment of the forecasted values, periodic and completion forecasts, statistical processing and holistic 
approach. The greatest advancements have been made in the cost forecast, for which the risk adjustment 
inclusion is examined for the first time. The resources (man-hours) forecast is another pioneer element of 
the proposed models. All the above provide a complete image of the project status and paint the picture 
of future performance. The models results are fed in a Decision Support System, which highlights the 
overperforming and underperforming areas of the project. This confirms the proposition that the model 
results can be used to initiate restorative action. The contribution of this study to the project management 
field is easy-to-use and accurate models, which include the financial risk and facilitate the project 
manager’s decisions and actions. Anticipation of the project performance, by considering the risk, can 
result to significant time and cost savings, crucial for project success.    

Keywords: Project monitoring, Project forecasting, Financial risk, Earned Value Management, Earned 
Duration Management, Schedule Performance Index, Duration Performance Index, Cost performance 
Index, Program Performance Index, Risk Coefficient, Risk-adjusted Schedule Model, Risk-adjusted Cost 
Model, Risk-adjusted Man-hours Model, Statistical Analysis, Decision Support System 
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1  Introduction  

When did the project get out of track and what could the project manager have done differently? From all 
the project stakeholders perspective, poor scheduling or budgeting and unexpected events (risks) are the 
main factors of cost overruns (Doloi, 2013). To ensure a successfully delivered project on time and on 
budget, project related risks must be identified at the beginning of the project and followed up throughout 
project execution. At the same time the project manager should be vigilant for new emerging risks that 
might impact project performance. Failing in any of these situations will result to a project suffering from 
budget or schedule related problems (Sols,2018). The inseparable association of time, cost and risk 
requires a combined monitoring of these project characteristics throughout the execution stage. The same 
trade off applies to the time spent by the project managers to identify the root causes of the delays and/or 
budget exceedance and to apply risk management techniques. Is the project management time spent 
efficiently and are the project risks identified early enough to mitigate them? 

This study introduces novel risk-adjusted project management models for hydraulic and environmental 
projects, which facilitate schedule, budget and man-hours monitoring and provide more accurate 
forecasts for the project performance than the existing ones. The models are based on three elements: 
planned versus performed values, statistical analysis of historic project data and risk. As risk is perceived 
any unexpected event that can impact the planned completion of the project, in terms of time and cost. 
The theoretical framework is based on extensions of traditional project management methods, with the 
inclusion of the following innovations compared to previous studies: a) combination of statistical tools and 
project specific risk coefficients, which produce accurate schedule and man-hours forecasts in regular 
time-intervals throughout the project and b) the application of risk-based adjustment to the budget 
forecast. Three new project performance indices are suggested for the first time. 

The models can be tailored to specific characteristics of the project, considering information from the 
project environment, and are implemented in an Excel spreadsheet. Accuracy, accessibility, speed and risk 
inclusion render the models a useful project management tool.  

1.1 Problem Discussion, Formulation and Purpose  

For a successful project it is essential to continuously track the deliverables, compare the budget and the 
schedule with the original plan, analyze and deal with unexpected events and perform changes, when 
required (Tonnquist, 2008). Analysis of the historic data and forecasting of the upcoming project 
performance considering the project risks, i.e. the unexpected events, increases the chances of a “healthy” 
project. This allows the project manager to control it and take preventive or corrective actions.  

What is project risk? Project risk can be any unexpected event that has an impact on the schedule, budget 
or other objectives of the project (Hilson and Simon, 2007; PMBOK® Guide, PMI, 2013). The project risk 
can stem from many causes (weather, political, social, technological etc.), but in the end is always 
translated in financial terms, i.e. budget exceedance or abundance. Therefore, this thesis will focus on the 
financial risks i.e. exceeding the budget. By doing so, the risks for late delivery, which are translated to 
penalties and affect the project revenue, are also included. 

Sols (2018), mentions that the project risks should be identified on time and continuously monitored 
throughout project execution.  The project monitoring and forecasting methods developed so far do not 
consider the project risks in a quantifiable way. The existing studies quantify the risk empirically based on 
checklists (Marcelino-Sadaba et al., 2013), brainstorming, assumptions analysis, hazard ranking, network 
models (Fang and Marle, 2012) and Bayesian belief networks (Lee et al., 2009).  Therefore, no objective 
and measurable risk impact is identified, while it is difficult to follow up the risks during project execution. 
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On the other hand, most of the widely known project performance monitoring methods, like the Earned 
Value Management (EVM) and Earned Duration Management (EDM) (Khamooshi and Golafshani, 2014), 
evaluate the results in financial terms, allowing comparisons against the planned time and cost, but do not 
include the project risk.  

The main problem identified while reviewing the existing literature is that the developed forecasting 
techniques are still inaccurate and do not consider unexpected events that might happen during a project 
(in the form of measurable risk). As a result, there are two critical procedures/activities (risk management 
and project forecasting) that are executed in parallel without overlap. Several attempts have been made 
to include the risk in the project performance monitoring: graphical frameworks (Acebes et al., 2013), risk 
indices (Kim, 2010) and composite performance factors (Andrade et al., 2019). Nevertheless, risk 
management techniques are not included when forecasting the project’s future status. All the predictions 
in these theories estimate the final project cost and duration at completion and do not provide forecasts 
for the various milestones during the project execution stage. Specifically, for hydraulic and environmental 
project, risk management has been applied to minimize the cost of the initial investment, in the form of 
risk-based optimization (Rasekh et al., 2010; Afshar et al., 2009). Such methods are only applied in design 
stage and do not monitor or forecast the risk during the project execution.   

The primary goal of this thesis is to examine if the inclusion of financial risk will improve the forecast of 
the project future status in hydraulic and environmental projects. 

 Research Question:  How can the financial risk be included in the project performance forecasting 
to produce more accurate forecasts for hydraulic and environmental projects? 

The already existing methods in the literature and project management practice have the following 
weaknesses: 

 They do not include risk management concepts in the proposed techniques. Besides forecasting, 
unexpected events might happen during a project, which need to be considered. Risk coefficients 
should be included, providing a more realistic estimate of the project’s future status.  

 Previous studies have focused only on statistical techniques or determining risk factors, based on 
qualitative research, quantitative methods performed on previous projects, questionnaires or case 
studies. Although the previous research provides useful information and techniques, the 
information is segmented, and it is very difficult to use within the hectic everyday schedule of a 
project. 

 They consider the risk element only when forecasting the project’s completion time. However, 
meeting the budget requirement is equally important to meeting the promised delivery date (Wit, 
1988).  

 These studies focus on specific kinds of projects and do not use any statistical tools for forecasting. 

 All the predictions in these theories estimate the values at completion and do not provide 
forecasts for the various milestones during the project execution stage. 

1.2 Problem Solution  

To address the research question, new models that fill the aforementioned weaknesses were developed. 
First, a method for estimating a risk coefficient is developed. Initially, at project planning stage, this risk 
coefficient can be estimated with the help of a customized questionnaire and/or the experience of the 
project manager. This risk coefficient is used in the forecast and during project execution it is updated 
based on the variance between the forecast and the recorded values at previous time-intervals. The 
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proposed forecast models are based on three elements: indices, statistical tools and risk. The outputs are 
calculated and updated upon user-defined intervals, unlike other models that focus on the prediction of 
the values only at project completion. The predictions for the project milestones, the estimated time of 
completion, the overall budget and the required man-hours are based on all three elements, adding a 
pragmatic feature to the model. The combination of statistical tools and project specific risk coefficients is 
examined for the first time. It successfully produces more accurate schedule and cost forecasts compared 
to the previous studies. Other innovation of this study is the application of risk management to the budget 
forecast, which resulted to outstanding improvement in terms of accuracy. In addition, the project’s man-
hours forecast is proposed for the first time. Finally, two combined indices are introduced: the Duration 
Cost Index (DCI); the product of the DPI and CPI and the Program Cost Index (PCI); the product of the PPI 
and CPI. These indices provide an overview of the project performance, considering simultaneously 
duration and cost progress.  

The established research propositions and the models performance were verified by testing the models 
with real completed engineering projects. In addition, the modeled values were compared to the most 
popular previous theories and proved that the developed models provide more accurate forecasts. 
Statistical tests were also performed, to verify the validity of the results.  

An additional feature of this study is that it uses software engineering to create a Decision Support System 
(DSS), allowing quick and easy application of the model in day to day project management tasks. This study 
also tries to explore if a DSS fed from the results of the proposed risk-adjusted forecasting models can 
accurately inform the project manager about the project status. The project manager can include indices 
thresholds, to receive alerts, when corrective actions are needed (DSS feature). This fills the gaps identified 
by Hazir (2015): “DSS should be model driven, function as early warnings and be integrated in project 
management software”. Sensitivity analysis was performed to examine the impact of changing the risk 
coefficients and indices thresholds on the results and the outcomes are reported.  

The only prerequisites to use the models are the project schedule and cost monitoring in regular intervals, 
by the respective project manager, company or organization. The software application is developed in 
Microsoft Excel making it easily accessible to all Microsoft Excel users. The input data can be imported 
from common project management applications.  

1.3 Delimitations 

The models development satisfies the purpose of this study: to explore how the risk can be included to 
improve forecasting and project monitoring accuracy. This was achieved by construction of accurate, 
reliable and accessible project performance forecasting models that include the project risk. Qualitative 
methods have not been considered, as forecasting has to be based on project data. Specific study cases 
could yield results for a unique project, but would not provide a forecast technique with global application. 
The same applies to interviews and questionnaires. As it has already been mentioned, this thesis focuses 
on financial risks, which threaten the budget and the schedule due to penalties.   

This study focuses on projects from the hydraulic and environmental engineering sector. For the models 
validation, 21 real hydraulic and environmental engineering projects provided by Jacobs Engineering 
Group Inc.1 were used. From all the projects, 410 monthly observations were taken for schedule, cost and 
                                                           
1 Jacobs Engineering Group Inc. (NYSE: JEC) is an international technical professional services firm. The company 
provides technical, professional and construction services, as well as scientific and specialty consulting for a broad 
range of clients globally including companies, organizations, and government agencies. Its worldwide annual revenue 
reached nearly $15 billion in the 2018 fiscal year and it has more than 80,000 employees worldwide. Jacobs is ranked 
No. 1 on both Engineering News-Record (ENR)'s 2018 Top 500 Design Firms and Trenchless Technology’s 2018 Top 
50 Trenchless Engineering Firms (source: https://www.jacobs.com/about). 
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man-hours. The projects lasted from eight to 30 months each. The sample size, being an improvement to 
previous studies, is adequate to generalize and make recommendations based on the findings (Butin, 
2010). For the projects used, the Work Breakdown Structure (WBS) levels differ, but the tasks for all 
projects are neutralized, i.e. the nature of the task and its original title are ignored, and the naming follows 
a study defined convention (described in Section 3.2). The content of each task could not be considered, 
since the variety of tasks used (sourced from both hydraulic and environmental projects) would result to 
a forbidden number of model parameters. This is beyond the purpose of this study, which is to provide 
simple and quick-to-use forecasting models that include the financial risk.  

Although, the Earned Value (EV) and Earned Schedule (ES) theories (Lipke et al., 2009; Vandevoorde and 
Vanhoucke, 2006; Warburton, 2011) and their extensions (Anbari, 2003) provide a more accurate and 
realistic forecast compared to the traditional EVM methodology, they still include the cost element in the 
schedule forecast. Therefore, they have not been adopted. Instead, the Earned Duration Management 
(EDM) method was preferred (Khamooshi and Golafshani, 2014; Vanhoucke et al., 2015), according to 
which the cost is replaced with time-based data (activity start and finish, man-hours spent etc.), resulting 
to a schedule index independent of cost. The above technique has been extended as described in Chapters 
2 and 3 and another cost independent index has been introduced, called Program Performance Index (PPI). 

The risk coefficients used in the models forecast are initially entered by the project manager. Alternatively, 
they can be calculated based on a risk assessment form, filled by the project manager. The calculation is 
based on scaled responses to ten questions. Additional questions may provide further insight in the project 
environment and the potential risks but would compromise the ease-of-use of the models. Despite the 
input method, the risk coefficients are automatically adjusted to reflect the project status, as new recorded 
data are entered in the models.  

Items out of the study scope, which can potentially initiate further studies, are:  

 The current study’s results were compared only with the traditional EVM, ES and EDM techniques. 
Additional comparison with other prediction models can form a future study. 

 Suggestions for risk mitigation actions based on the forecast results. The aim of this thesis is to 
provide valid information to the project manager during project execution, in order to make the 
correct decisions about the project. Risk mitigation suggestions can be very subjective and project 
specific and are out of the scope of this study. 

 Definition of the root causes of delays, time savings, budget overrun and underspend. A root cause 
analysis is project specific and is not addressed in this study. Nevertheless, the proposed models 
can provide valuable input to the project team performing the analysis. 

 In this study only the financial risk is considered (covering both budget and schedule). Quality risks 
have not been taken into consideration. Quality risks in the production or company’s internal 
processes can affect the project status but their mitigation requires efforts at a company/factory 
level outside the scope of the project. However, if the questionnaire can be adjusted to include 
quality factors and if their impact is recorded in the project activities, they can be included. 

1.4 Thesis Structure – Synopsis 

Chapter 1 defined the problem this thesis is trying to address, i.e. how to include the financial risk to 
improve the accuracy of performance forecasting in hydraulic and environmental projects. It also provided 
a description of the problem that risks and forecasting are treated separately in project management 
without any interaction. Then, it highlighted the necessity for models that combine statistical processing 
of the project data and risk management, to forecast the project development, not only at completion, 



 

5 
 

but throughout the project duration. Finally, it described how the use of software engineering enables 
speed-of-use and accessibility to the models. 

Chapter 2 comprises the literature review of the fields relevant to the study’s research question: Risk 
management, project monitoring by the EVM, ES and EDM methods and their extensions and description 
of the basic concepts, theories, merits and shortcomings of previous relevant studies. Previous research 
in statistical tools and risk management used for forecasting and DSS (relevant to the secondary goal of 
the thesis) are also reviewed. The research gaps in the above are identified and the main research 
propositions are formulated.  

Chapter 3 unfolds the general research methodology and the additional propositions that this study is 
addressing. The research propositions are set up based on the identified research gaps. This is followed by 
the development of the new models, data collection and analysis procedure and the propositions testing. 
The link of the methodology to the research gaps identified in Chapter 2 and the relevance to the research 
question is also described. 

Chapter 4 includes the models results. The findings are grouped and presented in summary tables for all 
the projects examined and in detail for one of the projects, to facilitate the reader’s understanding. 

Chapter 5 includes the post processing and analysis of the results, the comparison of the modeled and 
recorded values and the outputs from the statistical analysis and the sensitivity tests performed. Most 
importantly, the research propositions are tested. The study limitations are also listed in this section. 
Discussion on how the research gaps identified in Chapter 2 have been addressed and how the research 
question was answered is also included. 

Chapter 6 gathers the conclusions from this study, responds to the research question and provides 
recommendations for future work. 
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2 Literature Review of Risk Management in Project Monitoring and 
Forecasting Methods 

In order to understand how the forecasts in hydraulic and environmental projects performance can be 
improved with the inclusion of the risk, the key theories on risk management and project performance 
need to be reviewed. Over time, different techniques have been developed, each of them having its merits 
and weaknesses. In this chapter, the way risk management is included in the project performance and 
monitoring and forecasting methods is examined. The different project performance monitoring and risk 
management techniques are briefly presented, to understand why improvements are required. Then, the 
focus is given on the advancements in risk management and forecasting of project progress, by reviewing 
the existing methods and identifying the research gaps. Finally, the key elements of DSS in project tracking 
are presented and the advancements necessity is highlighted. The following review enables the reader to 
understand the gaps in including the risk in the forecasting theories, the legitimate validity of the research 
question and propositions and the contribution of this study in addressing the above.   

2.1 Risk Management in Projects 

The inclusion of the risk in the project management and forecasting methods is currently included in the 
following forms: 

 Empirically, based on checklists (Marcelino-Sadaba et al., 2013), brainstorming, assumptions analysis, 
hazard ranking and Bayesian belief networks (Lee et al., 2009).  These approachess are very subjective 
and do not quantify the risk in financial terms. Therefore, the probability of occurrence and impact of 
the risk are not reliable estimates. Consequently, risk prevention and mitigation are not facilitated. 
Zhao et al. (2016), developed a fuzzy risk evaluation model that estimates the probability of occurrence 
and importance of several risk factors, that could endanger project success. However, these identified 
risk factors were not linked to project activities, thus the impact of the risks, or their mitigation was 
not reflected on the project performance. Nguyen et al. (2013), developed a decision-making tool for 
determining the best risk mitigation strategy. The developed tool (“ProRisk”) determines the effect of 
different combinations of risks optionally combined with corrective actions. However, the impact of 
these risks on the project activities was not considered either.  

 A Detail Engineering Completion Rating Index System (DECRIS) was developed by Kim et al. (2018) and 
was applied at the initial stages of the project, to accommodate the project specific demands. It should 
be noted that the risk ranking, as in all the other indices, follows a 1 to 5 scale, which is an accepted 
and tested ranking system. Nevertheless, the limited scale and the personal interpretation of the risk 
impact, renders the risk identification and quantification abstract. 

 In a very recent study, Singh et al. (2019), compared the risk indices produced by the following three 
risk identification methods: the modified expected value method, the fuzzy expected value method 
and the fuzzy analytic hierarchy process, for a construction project in India. From these methods, the 
fuzzy expected value technique, which is using five membership functions (scales) from “very low” to 
“very high”, gave the most accurate results and has a wider range of applicability. This method includes 
increased complexity, without offering increased accuracy. 

 Other researchers used deterministic approaches based on the deviation of the actual from the 
planned value (Muraiana and Vizzini, 2017). These methods are based on project performance 
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monitoring techniques (like EVM). Although this approach offers a risk quantification, it is based on 
outdated techniques (EDM has been proven to provide more accurate results than EVM) and it does 
not provide a forecast for the future performance. Review of the available forecasting techniques is 
provided in Section 2.2. 

 Decision Support Systems (DSS) have also been used for risk identification, evaluation and mitigation 
(Fang and Marle, 2012). This approach is based on a network model and does not include any project 
performance monitoring and forecasting technique. On the other hand, the DSS proposed in this thesis 
is based on the state of art techniques, enhanced by advanced equations which give more accurate 
forecast results. The accuracy of the predictions increases significantly the chance for a robust and 
reliable DSS. 

A summary of the risks and project studied is provided in Table 2.1 
Table 2.1: Summary of risks and projects studied 

Research Type of risks studied Type of projects studied 

Marcelino - Sadaba et 
al., 2013 Strategic, commercial, technical. Tested in five projects of different types 

(innovation, management systems and IT). 

Lee et al., 2009 
26 different risks mainly focusing on design 
changes, manpower, material supply and 
exchange rates 

Questionnaire from 11 Korean shipbuilding 
companies. 

Zhao et al., 2016 
Macro-economic, contract, design, safety, 
technical, HR, cost, material and 
equipment. 

Questionnaire from 31 companies in Green 
building projects in Singapore. 

Nguyen et al. ,2013 Project cost and schedule cost. Case study on a building project for weather-
forecasting station. 

Kim et al.,2018 Risks related to re-work/re-order, 
construction, schedule delays (penalties). 

13 sample projects from Engineering 
Procurement and Construction (EPC) in 
offshore oil and gas. 

Singh et al., 2019 Construction project related risks identified 
by the authors’ experience. 

Case study on construction project for an 
elevated metro rail corridor in India. 

Muraiana and Vizzini, 
2017 Risk of the Work Progress Status (WPS). No real project tested. A numerical example 

is provided. 

Fang and Marle, 2012 Project related risks defined by the project 
manager. 

Case study: Production and staging for a 
musical show in France. 

Rasekh et al., 2010 Risk-cost optimisation on hydraulic 
structures. Hydraulic structures design projects. 

Afshar et al., 2008 Risk-based optimization of large flood-
diversion systems. Flood-diversion systems projects. 

 

2.2 Project Performance Monitoring and Forecasting Methods Summary 

In this section the basic methods for estimating project performance and their equivalent indices are 
summarized, namely the Earned Value Management, the Earned Schedule (an extension of EVM) and the 
Earned Duration Management. These methods formed the base of development of the suggested models. 
The results of this study have been compared to them, showing remarkable improvements. The main EVM 
methods are summarized in Table 2.2. 
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Table 2.2: Previous project monitoring and forecasting methods summary 

Research Results Pros Cons 

EVM 
(Anbari, 2003; 
Chang, 2001) 

- earned value over 
the planned value 
(Schedule 
Performance Index – 
SPI) 
- earned value over 
the actual cost (Cost 
Performance Index – 
CPI)  

- widely recognized project 
management tool, compulsory 
requirement of the United States 
government, NASA, Australia, Canada, 
United Kingdom etc. (Dwivedi, n.d.)  
- comparisons to what was planned in 
terms of time and cost 
- insight in the overall status of the 
project during execution (Practice 
standard for earned value 
management, 2005) 

- SPI is based on monetary 
input and is inaccurate 
- “the SPI indicator is 
flawed; it behaves strange 
when performance is poor” 
Lipke (2003) 

ES 
(Lipke, 2003) 

- earned value over 
the planned value 
(SPIt) 

- converts cost-based measurements 
to time indications, when assessing 
the schedule performance 

- it still uses cost data, slow 
in recording the schedule 
changes (Vanhoucke et al., 
2015) 
- high cost activities mask 
underperforming low cost 
activities (Vanhoucke et al., 
2015) 

EDM 
(Khamooshi 
and Golafshani, 
2014) 

- earned duration 
over actual duration 
(Duration 
Performance Index – 
DPI)  

- the schedule performance indices 
are not depending upon cost values 
- responds faster, identifying on time 
deviations from the planned schedule 
(Vanhoucke et al., 2015) 

- does not include the 
project risk 
- only looks at project 
completion and not at 
specific milestones 

  

The key elements of EVM are summarized below (Anbari, 2003): 

 Planned value (PV): Approved budget for accomplishing a project. It is the value that can be earned 
when work packages are accomplished in time (Budgeted Cost of Work Scheduled - BCWS). 

 Budget At Completion (BAC): The total budget for the project. It is the maximum value of PV, 
occurring at the end of the project. 

 Actual Cost (AC): The cumulative cost to finish an activity or project at a given time. Also referred 
as Actual Cost of Work Performed (ACWP). 

 Earned Value (EV): The accumulated earned value from the completed work at a given time 
(Budgeted Cost of Work Performed - BCWP). EV is obtained by multiplying the total budget for the 
activity/project by the completed percentage. 

During the project, it is important to track both schedule and cost performance (Ciaramella, 2013). In EVM, 
this can be accomplished by calculating the variances and the performance indices for schedule and cost 
(Anbari, 2003). For the cost performance the EV is compared to AC and for schedule to the PV.  

The performance indices can be interpreted as efficiency ratios (Anbari, 2003). EVM presents a major 
drawback when assessing the schedule performance. As Lipke (2003) notes: “the SPI indicator is flawed; it 
behaves strange when performance is poor”. In fact, SPI converges to 1 at the end of the project, even if 
the project is delayed. Based on the SPI definition, when the project approaches its end, the EV will be 
very close to the PV resulting to a unity SPI. To overcome the EVM’s SPI disadvantage, Lipke (2003) 
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proposed using the Earned Schedule (ES), instead of the EV, to calculate the SPI. This method converts 
cost-based measurements to time indications, when assessing the schedule performance  

In this way, the project progress can be compared based on time instead of cost. The time-instant, when 
the ES is calculated and the accrued EV is recorded, is called Actual Time (AT). The schedule performance 
index becomes as in equation (2-1) (Lipke, 2003): 

 =  (2-1) 

Lipke (2003) showed that the SPIt overcomes the problems of SPI and can provide useful information to 
the project manager. Similar results, regarding the advantages of ES, were reported by Henderson (2003). 

The Earned Duration Management (EDM) method was developed by Khamooshi and Golafshani (2014), 
in an attempt to decouple completely the schedule performance from the cost. In EDM, the schedule 
performance indices are not depending upon cost values and are no longer influenced by them 
(Vanhoucke et al., 2015). 

The Actual Duration of an activity k (ADk) is the number of working days required to finish it. To calculate 
the Earned Duration (ED) for an activity, the Planned Duration (PD) is divided by the AD for that activity 
(Vanhoucke et al., 2015): 

 =   (2-2) 

TPD is the total planned duration of the project. TAD represents the Total Actual Duration so far and TED 
is the Total Earned Duration. The method for determining the ED is identical to ES, but by using duration 
instead of value (Khamooshi and Golafshani, 2014). At Actual Duration (AD), the time-instant the 
evaluation is performed, the TED value is projected to the TPD curve. ED can be calculated as: 

 = + −−  (2-3) 

The Duration Performance Index (DPI) is the ratio of EDt to AD. Table 2.3 summarizes the formulas and 
metrics used in ES and EDM. 

Table 2.3: Summary of formulas and metrics for EDM and ES methods  

EDM Method ES Method 
Description Formula Description Formula 

Earned 
Duration (ED) = + −−  

Earned 
Schedule 

(ES) 
= + −−  

Actual 
Duration (AD) - Actual Time 

(AT) - 

Total Earned 
Duration (TED) =  

Total Earned 
Value (EV) =  

Total Planned 
Duration (TPD) =  

Total 
Planned 

Value (PV) 
=  

Total Actual 
Duration (TAD) =  

Total Actual 
Cost (AC) =  
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EDM Method ES Method 
Description Formula Description Formula 

Duration 
Performance 
Index (DPI) 

=  
Schedule 

Performance 
Index (SPIt) 

=  

Using performance indices or variances, the performance of the project up to the date of evaluation can 
be determined. However, it is important for the project manager to know in advance if the project will 
finish on time and on budget. EVM can also be used to provide forecasts, by considering the up to date 
project information contained in the SPI and CPI. A considerable amount of research has been performed 
and various formulas have been proposed to estimate the final cost or final duration. A summary is 
provided in Table 2.4. 

According to Kim (2009), the pressure on cost is greater than the pressure on schedule (duration). This 
highlights the importance of development of more accurate tools that can identify risks and opportunities 
in the early stages of the projects, both major or small in scale. It is worth noting, that the forecasting 
formulas presented in this section, predict only the total cost or total duration of the project without 
considering the project risks. Although this can be useful for the project manager, no prediction is 
performed for the next milestone or time-period. In large projects, where a lot of activities are run in 
parallel and milestones or deliverables during the project execution are subject to penalties, information 
about the next milestone or next period is of high importance to the project manager. An accurate 
forecast, based on the previous performance and with the project risks included, provides benefit to the 
project manager by quantifying the project success. This research gap is addressed in this study by 
developing models that include the project’s financial risks, combining simplicity, speed and accuracy in 
project performance forecasting.  
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Table 2.4: Previous forecasting methods summary  

Research Results Pros Cons Projects studied 
Estimated budget At 
Completion (EAC) 
(Lipke, 2005) 

= + −
  final cost estimate    CPI calculated based past, difficult to 

create a reliable forecast at the start 
 no statistics applied (Zwikael et al., 2000) 

  very large defense projects 

Growth models 
(Narbaev and De 
Marco, 2014a and b) 

 logistic, Gompertz, Bass 
and Weibull 
 Gompertz is the best 

 provide accurate estimates 
in all stages of the project 

 increased complexity and computational 
difficulty  

 nine projects from civil, 
industrial, infrastructure 
and residential facilities 

Planned Value (PV)  
(Anbari, 2003) 

  planned value rate 
equal to average 
planned per period 

 accurate forecasts for linear 
planned values 
 easy implementation 

 unreliable results towards project end  uses results from past 
research to present basic 
EVM features 

Earned Duration (ED)  
(Jacob, 2003)2 

 ED=AD*SPI 
 EAC=AD+(PD-ED)/PF 

 forecast is adapted to past 
performance with 
performance factor (PF) 

 forecast depends on SPI (monetary) 
 forecast can be inaccurate if future 
performance differs from past 

 projects from the Boeing 
company 

Earned Schedule (ES)  
(Lipke, 2003 and 2009) 

  converts cost base 
measurements to time  
 overcomes SPI flaw.  

 reliable (Vandevoorde & 
Vanhoucke, 2006) 
 confidence limits 

 schedule still depends on cost   12 projects with cumulative 
497 months of data, type of 
projects not given. 

ES with weighted task 
(Elshaer, 2013) 

 activities weights 
according to critical path 

 reducing effects of non-
critical activities 

 adjusted calculations 
 schedule still depends on cost  

 fictional projects from the 
“RanGen” project network  

Time dimension in 
EVM (Warburton, 
2011) 

 reject rate of activities, 
cost overrun and time to 
repair them 

 confidence limits used as 
statistical tools 
 simplicity and speed 

 generalization and inaccuracy  historical data from one 
software project. 

eXponential Smoothing 
Method (Batselier and 
Vanhoucke, 2017) 

 combines EVM and ES 
with XSM and reference 
class forecasting 

 static approach offers 
improvement in cost 
forecast and slightly better 
schedule forecast 

 estimation of smoothing constant 
 dynamic approach gives inaccurate 
results 

 23 real life projects from 
the OR-AS database (OR-AS, 
2019). 21 construction and 
two software projects. 

EDM and XSM 
(Khamooshi and 
Abdi,2017) 
 

 single or linear 
exponential smoothing 

 Accurate forecast 
 Improvement to ES 

 no risk included 
 iterations required in choosing proper 
smoothing constant. 

 19 projects from military, 
telecommunication, IT, R&D 
and construction. 

Estimated Duration At 
Completion (Andrade 
et al., 2019) 

= + −
 

 = + −
 

 EDM was found better than 
EVM in 66% of the projects 
tested 

 no risk included  57 projects from the OR-AS 
database from various 
disciplines (OR-AS, 2019). 

                                                           
2 Note that this method is different from the EDM model discussed in chapter 2.1 
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2.3 Risk Management in Project Performance Forecasting 

The research question of this study seeks to explore whether including the financial risks in the forecast of 
hydraulic and environmental projects performance can provide more accurate results compared to the 
already existing methods. These risks can include project specific uncertainties or factors related to the 
broader environment of the project, such as political, or extreme weather influences that can have an 
impact on the financial performance of the project. Previous studies that consider the project risk include: 

 Extension of the standard SPI and CPI, to include risks of mega projects (more than 1 billion US dollars). 
Kim (2010) developed 18 risk indices, which are evaluated every three months and not at a specific 
project time. These risk indices evaluate the project risks during a business period, but they are not 
used to forecast the project status for the next period. As this study uses SPI instead of DPI, the cost 
element affects the time predictions, which can lead to cost-biased results.  Further study is required 
to explore if such indices can be applied in major projects in other areas or in smaller scale projects.  

 Gomes et al. (2013) explored how SPI and CPI relate to project maturity. Project maturity is defined in 
terms of cost, time and quality. In this case, they used a questionnaire (nominal) and not numerical 
data, as opposed to other studies. This study, published in 2013, can be characterized as very basic 
compared to later studies. This highlights the rapid progress observed in the field during the last six 
years.  

 Acebes et al. (2014), proposed a combined EVM model with project risk analysis. The proposed model 
could identify if the project performance deviations from planned values are within acceptable 
deviations due to the variable nature of the project activities. However, the proposed model was only 
focusing on risk assessment and no risk factors were included in the forecast for budget and schedule 
duration. 

 A more recent study involves new model formulation, by combining the Critical Chain Method and the 
Buffer Management method (CCM/BMM), presented by Leach (2014) and Rodriguez et al. (2016), and 
the Earned Value or Earned Schedule (EV/ES) methods. This new formulation is called the Efficiency 
Risk Approach and facilitates the project controls by including quantitative and qualitative variables, 
time, cost and risk in the analysis (Ghazvini et al., 2017). In this study, budget and schedule buffers are 
calculated to deal with project risks. Consuming the buffers acts as a warning signal for the project 
manager. Nevertheless, forecast about the schedule or cost during the next time period is not offered. 
Finally, using a cost dependent index for the schedule forecast increases the chances of inaccurate 
forecasts, as the budget affects the prediction for the programme completion (usually not the case). 

 Examples of more elaborate techniques include the fuzzy time series forecasting model, developed by 
Salari and Khamooshi (2016). Such models are more accurate and reliable, than the classic EVM 
techniques (Salari and Khamooshi, 2016). They account for variation and uncertainty, common 
features of real projects. The main drawback of this method is that it employs EVM for the schedule 
forecast, which is proven to have flaws. Secondly, there is a difficulty to formulate the fuzzy time series 
of the models. As the authors note, expert judgment for every project is required. This requirement 
can prevent practitioners from using such models. Progress was also made by the use of analytical 
techniques and forward-looking methods, developed by the NASA Goddard Space Flight Centre’s 
ICEsat-2 project, to forecast SPI and CPI. The aim was to help determine whether the project would 
complete within its schedule and cost baseline agreements (Seidleck et al., 2016). These techniques 
are characterized by increasing complexity, without adding any value to the accuracy of the forecasts. 
Therefore, simpler models that can add increased accuracy, as the ones offered by the current study, 
should be preferred for time and cost saving.  
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 Ciaramella (2013) calculated the Relative Importance Index (RII), for probability of occurrence and 
impact as: 

 = ∑( · )∑  (2-4) 

where Wn is the weight assigned to the nth response; Wn = 1, 2, 3, 4, 5, Xn is the frequency of the 
response; n is the risk category, which can be either 1, 2, 3, 4 or 5, corresponding to very low, low, 
moderate, high and very high. The risk categorization, in conjunction with the performance indices 
(traditional EVM; SPI and CPI in this study), aids risk reduction via monitoring and control. Such studies 
can be extended, by combining this risk classification with more realistic indices, like the DPI. 

The models developed in this study offer an innovative inclusion of the risk in the project performance 
forecast, both in terms of time and cost. This makes the model results more accurate and realistic 
compared to any other existing method. Once the risk has been identified, the literature offers a variety 
of risk management techniques, for all sizes and types of projects. Based on the dependency of the risks 
and the nature of the project, relevant response strategies are suggested (Hopkison, 2010; Marcelino-
Sádabaa et al., 2014; Zhang, 2016). 

2.4 Decision Support Systems 

The Decision Support Systems (DSS) are defined as “interactive computer-based systems that support 
decision-making activities” (Giordano et al., 2011; Kou et al., 2011; Pohekar and Ramachandran, 2004; 
Power, 2002). Such systems offer support and guidance to project managers. The support function is 
realized by feeding collected data to analytical models for analysis and by using the results to help the 
decision maker evaluate the alternatives (Hazir, 2015). DSS can be used to aid project managers in planning 
and control, by improving the quality of the decisions. They can also help the project leaders in emergency 
situations or when the project parameters (e.g. customer requirements) change (Donzelli, 2006). The DSS 
acts as an add-on to the forecasting models, consolidating the project status and providing feedback to 
the project manager for upcoming changes.  In this study such a DSS will be examined by using the risk-
adjusted project performance monitoring models results.  

The need for including multiple criteria decision models in project management has already been 
addressed in the literature (Mota et al., 2009 and Marques et al., 2011). However, DSS for project control 
are only found in risk management (Colin et al., 2015 and Fang and Marle, 2012). Plaza and Turetken (2009) 
developed a DSS that employs EVM and learning curves specifically developed for IT projects. However, 
the proposed DSS basically automates the calculations of EVM, without any further analysis. It does not 
function as a system that warns the project manager for delays or budget exceedance. The development 
of DSS for project management has been suggested as topic for future research (Colin et al., 2015 and 
Hazir, 2015).  So far, the proposed models and theories, discussed in the previous parts of the literature 
review, described either a new project control method (EVM, ES or EDM) or combination of project control 
with forecast or risk. Yet, no unifying model has been found. Hazir (2015) mentions that a DSS “should be 
model driven” and identifies the key components of this system: monitoring project status, comparing it 
with the planned budget or schedule and signaling when corrective actions are needed. An 
interdisciplinary approach, which brings together DSS, project and risk management science, project 
performance monitoring techniques, mathematical modeling and statistics, can offer a robust tool for 
project managers. The development of software engineering and applications can facilitate 
interdisciplinary project management and prediction models, as described above. Accurate forecasting 
models, that can be updated daily by the project managers, can result to more efficient project controls 
and decision making, in all types and sizes of projects. All the above are not offered by previous studies. 
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The DSS proposed in this study uses the results from the suggested models to highlight the problematic 
and charismatic areas of a project from start to finish, by combining both statistical analysis and risk 
estimates. The results of the models and the DSS can aid decision making, enabling the project managers 
to keep track of the project with minimum effort and input time.  

2.5 Literature Review Summary 

Several other statistical and risk management methods have been reviewed in the previous sections. The 
three main project monitoring and forecasting methods developed so far are: the EVM, its extension ES 
and the most recent EDM. The main weaknesses identified in these methods are: 

 Risks are estimated empirically or subject to personal interpretation. No deterministic approach 
that estimates the financial project risk based on the project performance has been identified. 

 The financial risk has not been included in the schedule or cost forecasts, resulting to insufficient 
and inaccurate project monitoring. 

 The focus in the existing methods is given on the negative impact of risks. Nevertheless, an 
unexpected event (risk) can have a positive impact on the project and create an opportunity. Such 
events might be a lower price (than initially expected) of the goods used, staff overperformance, 
collaborations etc. The current study treats this positive effect of risks equally, providing a tool for 
significant financial saving. 

 Statistical methods have not been examined in combination with the project risk. 
 No combined coefficient of pure duration and cost performance indices has been defined. 
 Difficulty in interpreting the indices and the models results and making practical decisions. 
 Accuracy of the forecast has been associated to complexity. Simple but accurate models have not 

yet been introduced. 
 Forecast is not performed for the next time-period or milestone, but only for the total duration or 

cost of the project. 
 Forecast of the required man-hours has not been provided by any of the existing models. The 

already established models focus on forecasting the project duration in days or months, rather 
than on workforce consumed, which is more strongly related to cost and the financial risk. 
Prediction of both duration and resources required can give a more comprehensive picture of the 
project status and future performance. 

 Decision making tools based on the indices, able to effectively manage schedule and cost overruns 
have not been provided. 

All the weaknesses mentioned above are addressed in Chapter 3, by outlining the innovative models and 
DSS developed as part of this study. Amongst other features, the proposed models introduce a 
combination of statistical and risk management methods, budget forecast which considers the financial 
risk and man-hours forecast. Two combined duration and cost performance indices are proposed. The 
developed models are characterized by simplicity, along with improved accuracy, compared to previous 
methods. These innovations provided valid and efficient solutions to the research question and testing the 
propositions formed in Section 1.1 and in Section 2.6 respectively. 

2.6 Proposition formulation 

The objective of constructing and testing the propositions is to answer the research question. The research 
question is: 
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 RQ: How can the financial risk be included in the project performance forecasting to improve the 
prediction accuracy in hydraulic and environmental projects? 

A secondary aim of this study is to explore how the results from project performance forecasting models 
that include the risk can improve the accuracy and reliability of the DSS. 

Based on the already published work mentioned in this chapter, several research gaps were identified. 
These gaps formed the basis of setting up the propositions. The first research gap identified is that the 
financial risk is not included in the forecasts. Previous research has focused on schedule and cost forecasts. 
Therefore, we propose: 

P1a: The inclusion of the financial risk in the project forecasting with statistical methods will lead to more 
accurate schedule predictions compared to EDM and ES. 

P1b: The inclusion of the financial risk in the project forecasting with statistical methods will lead to more 
accurate cost predictions compared to EVM. 

P2: If a DSS is fed from the results of the risk-adjusted project forecasting models, it will give early warnings 
to the project manager, allowing restorative action. 

Additional propositions that resulted from examining the literature gaps and will be addressed in this study 
are: 

P3: If the risk-based adjustment project performance forecasting models are used, periodic forecasts can 
be more accurate. 

P4: If the risk-based adjustment project performance forecasting models are used, man-hours forecasts 
can be provided with accuracy. 

Khamooshi and Golafshani (2014) have introduced the DPI by projecting the TED to the TPD curve. 
Although they have showed that this index is useful and that it provides better results than the SPI, the 
authors believe that is difficult to understand by the practitioners in the field.  

For this reason, an index that records the pace or the speed at which the project tasks are executed is 
proposed in this study. The Program Performance Index (PPI) at a specified project milestone is calculated 
as the ratio of the Total Earned Duration (TED) to the Actual Duration.  

The authors believe that the PPI is a useful index, easier to comprehend by the project managers and 
senior management compared to the SPI and the DPI. It is proposed that: 

P5: The PPI index will provide better schedule forecasting results than the EDM (DPI) and EVM (SPI). 

The way the remaining the research gaps identified in the literature were addressed is described below: 

Gap: The project financial risks are not considered in the forecast.  

Solution: The Risk coefficient (RC) has been included in the models developed as part of this study. A 
project specific coefficient, representative of the likelihood of the project to overperform or underperform 
was used. 

Gap: Statistical methods have not been examined in conjunction with the project risk. 

Solution: In an attempt to improve the models forecast accuracy, several methods, which statistically 
process the projects historic records, have been assessed. The most accurate, and thus adopted, are: the 
Moving Average (MA), the Weighted Moving Average (WMA) and the single eXponential Smoothing 
Method (XSM). Detailed description of the terms is included in Appendix B – Model User Manual and 
Terminology. 
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Khamooshi and Abdi (2017) studied the EDM forecasting formulas with XSM and demonstrated improved 
results. However, choosing the appropriate smoothing constant can be difficult and requires iterations 
from the project manager. Alternative statistical methods to process the historic records exist, like the MA 
and WMA. This study examines if these methods can substitute the XSM. It is proposed: 

P6: Moving average techniques can give better or equal results to exponential smoothing, when used in 
project performance forecasting models (lower MAPE or RMSE). 

Gap: No combined coefficient of pure duration and cost performance indices has been defined.  

Solution: Combined indices were developed in this study. These newly introduced indices can be used to 
track the overall project performance, combining duration and cost (DCI) or program performance and 
cost (PCI). By using these indices, the management team can get a quick overview of the overall project 
status. A DCI or PCI above 1 implies that the project’s overall performance is outstanding. An index equal 
to 1 implies that the overall performance is on track. Finally, a DCI or PCI below 1 indicates that the overall 
performance of the project is low.  

Because these indices are the product of DPI and CPI or PPI and CPI, they can provide additional insight to 
the project manager. The project manager can then perform trade-offs between cost and schedule. For 
example, if DCI is greater than 1, both DPI and CPI can be high. It could also mean that DPI is high and CPI 
is low or vice versa.  

The following proposition is made: 

P7: The PCI is a more accurate combined index than DCI, giving information to the project manager for the 
overall project status. 

Gap: Difficulty in interpreting the indices and the models results and making practical decisions. 

Solution: The use of indices thresholds has been introduced. These are the PPI, DPI, CPI, DCI and PCI 
thresholds, below or above which the project is considered as underperforming or overperforming. These 
thresholds are introduced due to the subjective interpretation of the indices from the project manager 
and stakeholders. Selection of the thresholds by the user allows for alerts concerning the project trend 
and performance. The thresholds are used for early detection of risks and/or opportunities. These 
thresholds are used in the developed DSS (see proposition P2). 

Gap: Decision making tools based on the indices, able to effectively manage schedule and cost overruns 
have not been provided. 

Solution: This study includes the development of a Decision Support System (DSS). This tool has been 
specifically developed for this study and serves the purpose of identifying the overperforming and 
underperforming areas of the project. It helps the project manager to optimize the cost-schedule 
combination, that results to a successful project for all stakeholders. The models outputs, together with 
the indices thresholds, are used to establish an accessible DSS, which offers accurate information to the 
user. The inputs for the DSS are: 

 the results for the proposed performance indices, i.e. DPI, CPI, PPI and their combinations, i.e. 
DCI and PCI, as calculated by the models;  

 the indices thresholds defined by the user (project manager). 

The DSS compares the indices results with the defined thresholds and gives notification for high or low 
performance, in terms of schedule, cost and man-hours spent. The project manager can then react 
accordingly, based on the outcome of this comparison. The proposition for testing the feasibility of the 
DSS is already developed (see proposition P2). 
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Gap: The existing forecasting models are complex and focus only on the total duration/cost of the project. 

Solution: The suggested models are simple but yet more accurate than their predecessors. Table 3.3 
summarizes the newly introduced forecasting formulas with the inclusion of the project risk. The 
forecasting formulas are thoroughly developed in Appendix B – Model User Manual and Terminology. 

Gap: Forecast of the required man-hours has not been identified in the literature. 

Solution: A new forecasting formula based on the Activity Progress Ratio (APR) is proposed to estimate 
the required man-hours to complete a task or the project itself. By estimating the required man-hours, the 
project manager has an additional degree of freedom to plan and seek additional resources or release the 
redundant ones. This can increase productivity inside the company. It is proposed:  

P8: If the proposed APR index is used, the forecasting models can provide accurate manhours predictions. 

The shortcomings of the existing studies are addressed by the development of a range of innovative 
models comprising: monitoring and forecasting of project duration, cost and man-hours which include the 
financial risk, their relevant indices, and the first-time introduced combined duration and cost indices. The 
main advantage of the models is simplicity, without compromising the accuracy. The adjusted risk 
coefficient, suggested by the authors, is an innovation in the field. It results to a significantly improved 
forecast compared to already established methods. Moreover, by introducing new formulas, forecasting 
can be performed at any date, considering the actual project status.  
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3 Methodology  

The weaknesses identified in the risk management and primary project monitoring methods (EVM, ES, and 
EDM), the research question and the propositions of this study have been described in Chapter 2. In 
Chapter 3, the research methodology of this thesis is presented. The main goal is to investigate if the 
inclusion of the financial risk in the project monitoring techniques will improve the forecast accuracy of 
hydraulic and environmental engineering project performance. The methodology is presented in Figure 
3.1. The propositions of this study have been formed based on the research gaps identified in Chapter 2. 
The new models were constructed in order to include the financial risk in the forecasts. Then the proposed 
DSS tool, that is fed from the results of the models, is described. Finally, the data collection used for models 
testing is presented. The data are analyzed in Chapter 4 and the results are used to test the propositions 
in Chapter 5.  
 

 
Figure 3.1: Research methodology 

3.1 Models Development  

To answer the research question, this study explores how the financial risk together with the project 
performance indices, enriched with statistical and risk analysis, can be used to improve the forecasting 
accuracy allowing for early detection of project efficiencies or/and inefficiencies. This helps to minimize 
schedule delays and budget or man-hours overruns.  

A range of project management and prediction models, using the already established Duration 
Performance Index (DPI), the Cost Performance Index (CPI) and the newly introduced Program 
Performance Index (PPI) and the Activity Progress Ratio (APR) were developed, to facilitate project controls 
and decision making.  

From the forecasting methods tested, those identified as providing the most accurate forecasts, based on 
the previous project performance are:  

 Schedule forecast: The Risk-adjusted EDM (REDM) forecasting model with the addition of the risk-
based adjustment and the Risk-adjusted Schedule Model (RSM) based on the Program 
Performance Index (PPI) with the addition of the risk-based adjustment and the periodic forecast 
module. 

Propositions 
formulation

Development 
of forecasting 

models 
including risk

Collecting 
project data Data analysis Testing 

propositions

Research 
gaps 

identified in 
literature

-Schedule, cost and man-
hours forecast – new 
models.
-Improve existing models

- Project forecasting and 
comparison with literature
-Statistical analysis
-DSS tool

Im
pr

ov
e 

m
od

el
s

Ne
w

 P
ro

po
sit

io
ns



 

19 
 

 Cost forecast: The Risk-adjusted Cost Model (RCM) based on the CPI with the addition of the risk-
based adjustment and the periodic forecast module. 

 Man-hours forecast: The Risk-adjusted Man-hours Model (RMM) based on the Activity Progress 
Ratio (APR) with the addition of the risk-based adjustment and the periodic forecast module. 

For all the above, the moving average, the weighted moving average and the single exponential smoothing 
methods, have been tested, providing additional versions for each model. The models tested are listed in 
Table 3.1 and analyzed in the following sections. The transparency of the equations used, enables the user 
(project manager), to perform regular sensibility checks, avoiding calculation errors. 
Table 3.1: Summary of models tested  

Models tested 
Description Risk adjustment Periodic Statistical Tracking/forecasting type 

Risk - adjusted ✔ ✔ ✔ Duration 
Risk - adjusted ✔ ✔ ✔ Cost 
Risk - adjusted ✔ ✔ ✔ Man - hours 
Risk - adjusted ✔ ✔ ✔ Duration  
Risk - adjusted ✔ ✔ ✔ Cost 
EDM * ✘ ✔ ✘ Duration 
ES * ✘ ✔ ✘ Duration 
EVM * ✘ ✔ ✘ Cost 

* Based on the already developed models. Periodic forecasting is proposed as an improvement. 
 
The proposed PPI is calculated as: 

 =  (3-1) 

o If 0 < PPI < 1, the project activities are executed slower than planned. 
o If PPI = 1, the project activities are executed as planned. 
o If PPI > 1, the project activities are executed faster than planned. 

3.1.1 Risk coefficient 

The financial risk is estimated by developing a risk coefficient. This coefficient can be used directly in the 
forecasting formulas. In this way the risk is taken into consideration when forecasting the project’s future 
status. Initially, the risk coefficient can be defined by the user (especially at project start when no recorded 
data are available), based on previous experience from similar projects or by knowledge of the project 
environment. A risk assessment form is provided, in order to simplify the initial estimation of the risk 
coefficient. This estimated risk coefficient is used for the first time-step of the models (whether this is one 
hour, day, month etc.). For every question, the project manager needs to estimate the significance and 
likelihood of overperformance or underperformance. The answers are based on a Likert scale from 1 to 5; 
where 5 is very low, 4 is low, 3 is medium, 2 is high and 1 is very high. Then, the risk coefficient is calculated 
by equation (2-4). This definition of the Likert scale enables calculation of a risk coefficient centered around 
1, which serves the definition presented below. 

The initial risk coefficient can be the same for schedule, cost and man-hours predictions or different 
depending its financial impact on the project. The initial risk coefficient can take the following values: 

 0 to 1: if the project is at risk of underperforming;  
 1: if the project is expected to be completed on schedule and/or budget;  
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 greater than 1: if the project is expected to be more efficient than scheduled / budgeted. 

The risk assessment form is provided in Appendix A – Risk Assessment Form. The form is industry and/or 
project specific and is only an example. The number of questions can be adjusted. If deemed necessary, a 
wider range in the answer scale can be used. The questions selected in the example included in Appendix 
A – Risk Assessment Form are based on the authors experience and do not limit the possible questions to 
estimate the risk coefficient. 

From the second time-step onwards, the risk coefficient is adjusted based on performance data and 
success of the previous predictions for the duration, cost and man-hours forecasts respectively as: 

 = + 1 −    (3-2) 

The risk coefficient acts as feedback to the models and minimizes the error between the predicted values 
and the actual values of the next time-period, until the predicted values match the actual values. 
Therefore, the forecasts are risk-based adjusted. The propositions for testing the risk coefficient have 
already been developed (see P1a and P1b). By including the risk with this self-adjusted risk coefficient the 
risks are monitored continuously during the project execution, providing more accurate and realistic 
forecasts.  

3.1.2 Combined indices 

Combined indices were developed in this study. By using these indices, the management team can get a 
quick overview of the overall project status. The following indices are proposed: 

 The Duration Cost Index (DCI) is the product of the DPI and the CPI: 

 = ∗  (3-3) 

 The Program Cost Index (PCI) is the product of the PPI and the CPI: 

 = ∗  (3-4) 

3.1.3 Man-hours forecast 

The Activity Progress Ratio (APR) is calculated as the actual API over the planned API. This ratio is also 
introduced for the first time and is used for the man-hours forecast. The proposed equation is: 

 =  (3-5)  

3.1.4 Models Development Summary 

The basic concepts, definitions and relationships between the indices, as well as the equations used in the 
models, are outlined in Table 3.2. Most of the concepts used have also been defined in Chapter 2, during 
the review of the existing methods. A summary table of the equations and indices developed as part of 
this study, the equivalent ES and EDM ones and the step-by-step methodology that the models use to 
calculate the indices and the forecast values are provided in Table 3.3 and detailed in Appendix B – Model 
User Manual and Terminology. The models flow chart is shown in Figure 3.2.  

Table 3.2: Summary of concepts and metrics used in the models 

Concept Description Formula Reference 

Earned duration for activity 
(ED) 

Work performed based on 
the approved duration of 

the activity 
= ∗  Khamooshi and 

Golafshani, 2014 
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Concept Description Formula Reference 

Activity Progress Index (API) Progress of an activity 

 % complete for linear 
activity 

 =  

where EDTC (Estimated 
Duration to Complete) 

Duration Performance Index 
(DPI) 

See 2.2 =  

Actual Cost of Work Performed 
(ACWP) or Actual Cost (AC) Cost for a given period - 

 Fleming and 
Koppelman, 2000; 
Kim and Ballard, 
2002; Nassar et 

al., 2008 

Budgeted Cost for Work 
Performed (BCWP) or Earned 

Value (EV) 
See 2.2 - 

Cost Performance Index (CPI) 
Project’s financial 

performance  =  
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Table 3.3: Summary of formulas and metrics for EDM, ES methods and RSM  

EDM Method ES Method RSM Improvements 
Description Formula Description Formula Description Formula RSM vs previous models 

Earned 
Duration 

(ED) 

=+ −−  

Earned 
Schedule 

(ES) 

=+ −−  

Earned 
Duration for 
activity (EDk) 

= ∗  

based on API, easier to 
calculate/understand, 

shows project progress 
rate 

Actual 
Duration 

(AD) 
- Actual Time 

(AT) - 
Actual 

Duration 
(AD) 

- 
same as EDM, but can 
also be calculated per 

activity 
Total Earned 

Duration 
(TED) 

=  
Total Earned 

Value (EV) =  
Total Earned 

Duration 
(TED) 

=  
same as EDM, but can 
also be calculated per 

activity 
Total 

Planned 
Duration 

(TPD) 

=  
Total 

Planned 
Value (PV) 

=  

Total 
Planned 
Duration 

(TPD) 

=  

same as EDM, but can 
also be calculated per 

activity 

Total Actual 
Duration 

(TAD) 
=  

Total Actual 
Cost (AC) =  

Total Actual 
Duration 

(TAD) 
=  

same as EDM, but can 
also be calculated per 

activity 
Duration 

Performance 
Index (DPI) 

=       Schedule 
Performance 
Index (SPIt) 

SPI =       Program 
Performance 
Index (PPI) 

=       easier to understand 
compared to SPI and DPI, 

more accurate results 
Estimate 

Duration At 
Completion 
(EDACEDM) 

=+ −
 

Estimate 
Duration At 
Completion 
(EDACEVM) 

=+ −SPI  

Estimate 
Duration At 
Completion 

(EDAC) 

 = + (1 − % )
 

provides more accurate 
results, can also be 

calculated per activity 

PAD is not part of the EDM or ES theories, but it is proposed as an improvement by the authors for all three methods  
Predicted 

Actual 
Duration 

(PAD) 
= ∗  

Predicted 
Actual 

Duration 
(PAD) 

=  

Predicted 
Actual 

Duration 
(PAD) 

= ∗  

new term proposed for all 
three methods, gives 

indication of progress per 
milestone and activity  

 -  - 
Predicted 

Man-hours 
(PM) 

= ∗  

new term proposed for 
the RSM method, forecast 

for the required man-
hours to completion 
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Figure 3.2: Models flow chart 
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3.2 Data Collection 

As it was mentioned in the delimitations (Section 1.3), the models developed will be tested on hydraulic 
and environmental engineering projects, since the authors are familiar with the field. Generally, secondary 
data from online databases are hard to find as many companies are reluctant to provide real project 
information for academic purposes. One database was identified as potential source of data (OR-AS, 2019), 
but it was disqualified, as very few projects in the hydraulic and environmental engineering sector were 
identified. 

Primary data from several companies in the field of engineering were requested. The selection criteria for 
choosing an appropriate company were: 

 Willingness to share schedule, cost and man-hour records (budget and actual values) per fixed periods 
and for project completion. 

 Same budgeted activities during quotation stage and during project execution. This requirement was 
mandatory to evaluate if the forecasts were accurate or not. 

 Projects that had one or more pauses in the schedule. This was chosen to ensure that the models are 
applicable to both linear and non-linear projects. 

 Possibility to discuss with the project manager about the projects and check the data for outliers. 
 Willingness to provide both overperforming and underperforming projects. This requirement was 

essential to ensure that the models are applicable to both time and cost surplus and deficits. 

After evaluating all the companies that responded in the authors’ request and fulfilled the selection 
criteria, Jacobs Engineering Group Inc. was selected as the most appropriate, offering 21 projects. In 
addition to the selection criteria, the following project characteristics have been identified as part of the 
study: 

 All the projects included tasks related to project management and included risk allowance in the 
budget. This was not chosen on purpose and does not have any effect on the models performance. 
These two project characteristics were in accordance with the company’s policy and therefore were 
included in all the projects tested. 

 All the projects were related to engineering services. No material products were involved. This was 
not intentional, and it is due to the availability of projects at the time. 

The data consist of the following information for 21 hydraulic and environmental engineering projects: 

 The BCWS for the duration of the projects, updated at several time-intervals.  
 The ACWP for the same projects, recorded at several time-intervals.  
 The BCWP for the same projects, recorded at several time-intervals.  

All the versions of the above documents were provided in chronological order. The update was performed 
at least once per month (on the 10th day of each month), if not more often. 

 The data were checked for reasonableness and sensibility. From all the projects, 410 monthly observations 
were taken, for schedule, cost and man-hours. The projects duration varied from eight to 30 months. The 
sample size, being an improvement to previous studies, is adequate to generalize and to make 
recommendations based on the findings (Butin, 2010). A summary of the statistics of the projects tested 
is provided in Table 3.4. 

For the projects used, the Work Breakdown Structure (WBS) levels differ, but the tasks for all projects are 
neutralized, i.e. the nature of the task and its original title are ignored, and the naming follows a study 
defined convention: 
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 The projects are named as Project 1, Project 2 and so on, up to Project 21. 
 The tasks are named as Task 1, Task 2, Task 3 and Task 4, depending on the number of activities per 

project. It should be noted that the activities were grouped when a project included many subtasks. 
The maximum number of tasks per project was four. Nevertheless, there is no limit in the number of 
tasks that the models can handle. 

The content of each task could not be considered, since the variety of tasks used would result to a 
forbidden number of model parameters. This is beyond the purpose of this study, which is to provide 
simple and quick-to-use forecasting models.  

Table 3.4: Summary of tested projects statistics 

Projects Statistics 
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1 E 30.6 10 613 47.04 22 941 1 -16.39 Under -12 Under -328 Under 
2 H 42.7 10 856 82.83 30 1656 1 -40.04 Under -20 Under -801 Under 
3 H 117. 10 2358 163.3 27 3267 2 -45.46 Under -17 Under -909 Under 
4 H 96.9 10 1940 131.7 27 2634 0 -34.71 Under -17 Under -694 Under 
5 H 46.6 10 932 64.10 23 1282 2 -17.48 Under -13 Under -350 Under 
6 H 23.0 7 461 40.93 24 819 1 -17.89 Under -17 Under -358 Under 
7 H 26.5 10 531 60.18 22 1204 2 -33.64 Under -12 Under -673 Under 
8 E 12.6 13 253 28.14 20 563 2 -15.48 Under -7 Under -310 Under 
9 E 49.0 13 980 82.52 30 1650 1 -33.52 Under -17 Under -670 Under 

10 E 73.7 15 1475 84.11 16 1682 1 -10.36 Under -1 Under -207 Under 
11 E 26.2 8 525 27.00 18 540 0 -0.74 Under -10 Under -15 Under 
12 H 78.3 12 1568 86.31 27 1726 0 -7.93 Under -15 Under -159 Under 
13 H 80.7 12 1614 88.04 30 1761 0 -7.32 Under -18 Under -146 Under 
14 E 51.7 7 1035 52.70 20 1054 2 -0.94 Under -13 Under -19 Under 
15 H 24.5 8 492 33.96 21 679 2 -9.38 Under -13 Under -188 Under 
16 E 50.7 12 1015 55.96 30 1119 0 -5.20 Under -18 Under -104 Under 
17 H 104. 11 2094 122.6 17 2453 0 -17.91 Under -6 Under -358 Under 
18 E 42.0 9 841 30.72 17 614 0 11.31 Over -8 Under 226 Over 
19 H 27.6 5 554 24.20 8 484 0 3.49 Over -3 Under 70 Over 
20 H 27.5 5 550 20.77 8 415 0 6.74 Over -3 Under 135 Over 
21 H 47.1 7 943 26.99 7 540 0 20.18 Over 0 Over 404 Over 
Min 12.6 5 253 20.77 7 415 0 -45.46   -20   -909   
Max 117. 15 2358 163.3 30 3267 2 20.18   0   404   

Average 51.5 10 1030 64.49 21 1290 1 -12.98   -11   -260   

* The variance is defined as the difference between the planned value and the actually recorded value for duration, 
cost and man-hours respectively. 

3.3 Data Limitations and Validity Threats 

The methods suggested in this study are reliable, as the basic EVM and EDM techniques, employed for the 
calculations, are approved and tested by many researchers (Batselier and Vanhoucke, 2017; Bower, 2006; 
Ghazvini, 2017; Kim et al., 2018; Shing-Tao Chang, 2001). These methods were chosen because they use 
widely recognized metrics, ensuring face validity for this study. At the same time, they provide a quick and 
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easy way to keep the project’s schedule and budget under control, without excessive time and financial 
expenditure. 

The proposed methods are appropriate for the objective of this study, which is to show how the PPI, DPI, 
CPI and APR can be used for early detection of project efficiencies or/and inefficiencies. This is achieved 
by combining statistical and risk assessment techniques to produce a reliable forecast. Although the 
testing of the models was completed with engineering projects, the models are expected to be applicable 
to projects of any other sector, where the traditional budget and program format is applied. The above 
will be verified, when more projects are available for testing. 

The problems anticipated during the study, their potential impact on the results and the mitigation 
measures adopted are: 

 Difficulty in defining the risk coefficient, especially at the beginning of a project, when no historic data 
are available. The initial risk coefficient is defined by the user (more likely the project manager or sales 
manager) and is based on the user’s experience and knowledge of the project environment and any 
anticipated risks. Experience in relevant projects and availability of risk statistics is the only valuable 
available indicator. Nevertheless, each project is unique, and the project environment cannot be 
replicated exactly. To mitigate this uncertainty, the risk coefficient is re-evaluated in every time-step 
throughout the project’s duration. This innovative solution results to resilient and “live” models, that 
can adapt the results to any upcoming change and allow for risk management. The initially estimated 
risk coefficient affects only the first prediction (first time-step). After the first time-step, and as the first 
values of duration, cost and man-hours are recorded, the risk coefficient is adjusted based on the 
variance of the first forecast from the recorded values, eliminating the possibility of an 
unrepresentative risk coefficient. Especially for projects for which the forecast is made for multiple 
time-steps, the contribution of the first forecast to the models performance is negligible. As the models 
have the capability to adjust the risk coefficient very quickly to the one occurring, it is not 
recommended to spend valuable time on its initial definition.  

 The current study’s results were compared only with the traditional EVM, ES and EDM techniques. 
These theories and models were chosen as, according to several studies, they offer the most accurate 
predictions (Andrade and Vanhoucke, 2017; Andrade et al., 2019; Batselier and Vanhoucke, 2017; 
Khamooshi and Abdi, 2017). To ensure that a fair comparison was performed, and valid results were 
obtained, several of the proposed innovations, i.e. the monthly forecasts and the inclusion of the risk 
module, have been also applied and incorporated in the traditional EVM, ES and EDM theories. 
Therefore, comparisons are not only made versus the already established theories, as presented in 
Chapter 2, but also versus their improved editions, developed as part of this study (e.g. REVM or REDM). 
Additional comparison with other prediction models can form a future study. Nevertheless, the results 
are not expected to change the conclusions of this study, for the improved forecast accuracy offered 
by the suggested models, as they were compared with the top methods in the field (i.e. EVM, ES and 
EDM). 

The identified validity threats are: 

 The validity of the input data used to test the models could not be cross-checked with other sources or 
references. The results of the models depend solely on the input data. Any wrong input values can 
result to misleading prediction of the future figures of the project. To mitigate this risk, all data have 
been checked for outliers and unreasonable values. Moreover, the project managers of each project 
have been asked to review the data and confirm whether they reflected the historic values. 
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 To ensure the internal validity of the results and that they are not affected by systematic error or bias 
(Ghauri and Grønhaug, 2010), several statistical tests were performed. These tests included measuring 
of forecasting errors, linear regression and residual analysis.  

 External validity, i.e. study generalization in other disciplines, is supported by the fact that the 
developed methods are based on the already standardized EVM, ES and EDM theories, (Marshall, 
2008). However, given the specific nature of each professional sector, it is not possible to ensure that 
the conclusions of this study are valid in other sectors without further testing. This additional testing 
work is scheduled for when more test data become available. 

 The test projects have already been completed. Nevertheless, the data were input incrementally and 
in chronological order in the models, in monthly intervals. In this way, the created forecasts were 
calculated based only on historic input data up to the month of interest. The availability of the recorded 
values for the subsequent months was not considered, as if they were unknown. This approach 
resembles the one adopted for an ongoing project. As the observed results are not affected by the 
performed test, the test effect validity threat is eliminated, (Ghauri and Grønhaug, 2010). 

 Finding available project data to test the proposed models was a difficult task. To overcome the 
selection bias threat (Ghauri and Grønhaug, 2010), the authors randomly picked projects from two 
engineering fields, without customizing or altering the models for each field’s specific risks and 
complexities. Moreover, data from both overperformed and underperformed projects have been 
collected, to ensure that the models will produce accurate forecasts in all situations. 

3.4 Results Analysis and Propositions Testing 

The models have been tested with 21 already completed engineering projects from the hydraulic and 
environmental engineering field. The data were input incrementally and in chronological order in the 
models, in monthly intervals. In this way, the created forecasts were based on the input data up to that 
month, without using the recorded results for the following months. This is the same as the method used 
for projects in progress, when the future project performance is unknown. The results from the models 
were analyzed against the observed data, obtained at the end of each project. Statistical and performance 
measures were produced, analyzed and compared at monthly intervals. 

The calculated and recorded data have been input in the IBM SPSS software and the following statistical 
tests have been performed to verify the models performance and to compare with the results obtained 
from the other established models: 

 Root Mean Square Error (RMSE) and Mean Absolute Percentage Error (MAPE) analysis, for evaluation 
of the forecasting accuracy (Khamooshi and Abdi, 2017). RMSE was selected in addition to MAPE, to 
investigate if outliers or large errors in the model would change the results and therefore the project 
manager’s decisions (Medium, 2016). 

 Linear regression, placing the observed values in the x-axis and the predicted values in the y-axis. The 
aim of this test was to explore each model’s exploratory power. 

 Residual analysis by conducting paired t-test between the suggested and existing models (Pallant, 
2007). The aim of these tests was to decide if there is statistically significant difference between the 
mean residuals of the models tested (Pallant, 2007). 

Sensitivity tests have been performed to test the impact of changing the risk coefficients and the indices 
thresholds (model parameters) on the results. The tests involved the following simulations: 
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 Retaining all the project input data the same, the risk coefficient has been increased and decreased by 
20%. This test showed the percentage change that is caused in the results by a 20% change in the risk 
coefficient.  

 Retaining all the project input data the same, DPI and PPI thresholds have been increased and 
decreased by 10%. This test showed the change in the interpretation of the results and the “action 
required” values, because of the predefined indices thresholds change. The results from this test 
highlight how early should an action be taken, in order to effectively mitigate a risk of delays in the 
project. This determines how quickly the project manager should act, to avoid the project schedule 
failures, and how quickly the stakeholders should be alarmed. Action taken too early can result in 
unnecessary additional cost, if the alarm was false. Similarly, action taken too late, might fail to 
eliminate the risk. If consecutive false alarms are occurring in a project, shorter review periods should 
be identified to mitigate the risk and change of thresholds should be considered. 

 Retaining all the project input data the same, the CPI threshold has been increased and decreased by 
10%. Similarly, to the DPI/PPI threshold change test, this assessment showed when a budget 
implication can be considered alarming and thus immediate action is required. Once again, the balance 
between early and too early detection should be identified. 

The above tests have been performed for all the 21 projects simulated by the models. The results of the 
tests have been imported in the IBM SPSS software. The statistical analysis allowed for testing the 
propositions established in this chapter. Accepting or rejecting the established propositions allows 
answering the research questions of this thesis.  The analysis of the results provided stimulation for further 
discussion, study and future improvements of the models. Although great attention is given to the project 
schedule and budget negative predictions, the models and the above sensitivity tests, were equally applied 
to detect project efficiencies. Knowing what is working well in the project, enables the project manager to 
find solutions for other problematic areas and possibly move, reassign or use additional available 
resources (work force or/and capital) to other tasks or for research and development. 

The methodology is quantitative as it is clearly structured. The values calculated by the models are 
compared to the recorded ones and to the results from other models suggested in the literature (Ghauri 
and Grønhaug, 2010). It is fit for purpose, as it is an extension of EVM and EDM, which facilitates project 
management procedures, providing more accurate forecasts compared to previously published models. 
The results and the validation of the models, as well as the post process and statistical analysis of observed 
and modeled values, reinforce the valuable contribution and the credibility of the models. The adjusted 
risk coefficient enables the models to be project specific and allow for the incorporation of the 
environmental risks in the predicted schedule and budget performance. Practical significance and 
statistical significance have both being considered, when interpreting the results from the analysis (Hair 
et al., 2014).  

The models were designed in the Microsoft Excel Software, a widely accepted tool in project management 
and available to most corporate and private users, with backwards compatibility to older versions.  

3.5 Methodology Summary 

The main conclusions for the methodology used are listed below: 

 The research design requirements and how they were met are summarized below:  

o Establishing the propositions that the risk inclusion will improve the forecast accuracy of the 
models in terms of schedule, cost and man-hours. 
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o Development of simple and user-friendly models or proposed improvements on existing models 
by including the risk to improve forecasting. 

o Identification of risks and efficiencies in any given project milestone. 

o The above features and merits of the models provide an innovative solution to the research 
question of this study.  

o The use of the models results by the developed DSS tool and the alerts provided form a time-
saving and cost-efficient way to facilitate decision-making. Therefore, solution to the second goal 
of the study is also offered. 

 The prerequisites to run the models are:  

o The Microsoft Excel Software (to avoid manual calculations). 

o Schedule and budget for the project (input data). 

o Definition of the risk coefficient (project specific, initially based on the project manager’s 
knowledge and experience; only used for the first time-step and later adjusted by the model). 

o Indices thresholds, if desired.  

The proposed models and verification or rejection of the propositions helps to successfully answer the 
research question set in Section 1.1 and fill the research gaps identified in Chapter 2. The developed 
models use the PPI, DPI CPI and APR indices, in combination with forecasting and risk assessment 
techniques, to produce accurate forecasts for the project’s duration and cost. In this way, the project 
manager can identify on time if the project is on track and take the necessary actions. At the same time, 
the proposed PPI, depicts the execution speed of the project, considers the task dependences and provides 
comprehensible results and accurate forecasts. Finally, the proposed models provide vital information not 
only about the project cost or schedule but also for the actual resources (personnel) required.  

The project managers can set their own threshold levels, in terms of schedule, cost and personnel. In 
combination with the proposed forecasting models, they can receive information in advance about the 
project status at a given milestone. Therefore, the project can be managed in three dimensions: cost, 
schedule and man-hours. Consequently, the proposed models offer increased flexibility and facilitate 
synergies in a company where multiple projects are run in parallel and human resources are scarce. 

The results obtained by the models testing are provided and analyzed in Chapters 4 and 5.   
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4 Models Testing Results 

The performance of the proposed models was tested with data from 21 projects. In addition, the same 
data were used to test the existing models (EVM, ES and EDM) and verify the performance of the proposed 
models. The models that obtained the best results for each metric have been analyzed and presented in 
Section 4.1. For each metric, one project is presented in detail in Section 4.2. The rest of the projects results 
are not listed due to data size. For all the tables, the best results are highlighted in green. 

The validation and verification of the models comprised:  

 Models testing with 21 engineering projects. 

 Comparison of the models results with historic observed data for the projects. 

 Comparison with the results from the most popular, already existing, models. 

 Sensitivity testing for all the 21 projects and various statistical tests.  

 All the results were analyzed and all the propositions were tested. 

 Graphical and tabular outputs were used to aid visualization and understanding of the models 
capabilities, merits and areas for future development. 

4.1 Baseline Results of All Projects Tested 

4.1.1 Monthly Schedule Forecasts 

Table C.1, in Appendix C – Baseline Results, summarizes the Root Mean Squared Error (RMSE) and Mean 
Average Percentage Error (MAPE) for the monthly schedule predictions for all the projects examined. The 
main conclusions derived from Table C.1 are:  

 For 81% of the projects (17 out of the 21), the RSM together with a forecasting technique gives 
the lowest error and the most accurate prediction.  

 For all the projects, the proposed REDM improves the prediction of the traditional EDM theory 
significantly. The maximum improvement is -5 for the RMSE and -154.9% for the MAPE, observed 
for Project 7. The negative sign represents reduction in the prediction error, i.e. the modelled value 
is closer to the actual value.  

 The best of the proposed methods is the RSM + XSM (for 38% of the projects). The average 
improvement compared to EDM is -9 for the RMSE and 112.9% for the MAPE. It is followed by the 
RSM + WMA (for 33% of the projects).  

The RSM + WMA is recommended, as defining the exponential smoothing coefficient in the XSM module 
is not straightforward. For this study, this coefficient has been optimized, which is possible after a few 
actual values have been recorded. Nevertheless, since this is not always possible, the RSM + WMA is the 
best alternative. For projects with pauses in the schedule, the XSM method gives better results. For 
projects with no pauses in the schedule, the WMA method gives similar or improved results. This is 
expected, as there is no significant or abrupt change in the trend of the last predictions used to calculate 
the WMA. An overview of the number of projects per MAPE category is provided in Table 4.1. 
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Table 4.1: Number of projects in each MAPE (%) category for the monthly schedule models 

Monthly Schedule MAPE (%) 

MAPE (%) ES EDM RSM RSM 
+ MA 

RSM + 
WMA 

RSM + 
XSM  REDM  REDM 

+MA  
REDM + 
WMA  

REDM + 
XSM  

0% - 25% 1 0 20 20 20 19 16 16 16 17 
25% - 50% 7 0 1 1 1 2 5 5 5 3 
50% - 75% 6 1 0 0 0 0 0 0 0 1 

75% - 2 0 0 0 0 0 0 0 0 0 
>100% 5 20 0 0 0 0 0 0 0 0 

 
4.1.2 Schedule at Completion Forecasts 

Table C.2, in Appendix C – Baseline Results, summarizes the RMSE and MAPE of the total project duration 
for each of the 21 projects tested. The results show that the proposed models are predicting the final 
project duration more accurately in 86% of the cases compared to EDM (18 out of the 21 projects). 
Moreover, for the remaining three projects, the error difference between EDM and the proposed methods 
is insignificant, with maximum RMSE difference of 0.4 (see Appendix C – Baseline Results). 

The common characteristic of these three projects, for which EDM is more accurate, is that there has been 
no pause in the schedule. The schedule at completion forecasts have not been risk-adjusted, as the 
accuracy was sufficient without it. The difference from the traditional EDM model is the way the EADC is 
calculated (see Table 3.3). From the proposed methods, the REDM + XSM gives the most accurate results 
for 33% of the projects. It is followed by the RSM + XSM, for 29% of the projects. The MAPE categorization 
is shown in Table 4.2. 

Table 4.2: Number of projects in each MAPE (%) category for the schedule at completion models 

Schedule at Completion – No of projects in each MAPE (%) category 

MAPE (%) ES EDM RSM RSM + 
MA 

RSM + 
WMA 

RSM + 
XSM  REDM  REDM + 

MA  
REDM + 
WMA  

REDM+ 
XSM  

0% - 25% 16 20 17 17 17 19 18 19 20 17 
25% - 50% 4 1 4 4 4 2 3 2 1 4 
50% - 75% 1 0 0 0 0 0 0 0 0 0 

75% - 100% 0 0 0 0 0 0 0 0 0 0 
> 100% 0 0 0 0 0 0 0 0 0 0 

 
4.1.3 Monthly Cost Forecasts 

Table C.3, in Appendix C – Baseline Results, summarizes the RMSE and MAPE of the monthly project cost 
for each of the 21 projects tested. The results show that the RCM + XSM is giving by far the most accurate 
results for all the projects tested. It is followed by the RCM and the RCM + WMA. The smoothing constant 
in the XSM module is optimized to decrease the RMSE. The project manager can perform the same exercise 
when the data of the first few months (or any observation time-intervals) have been collected.  

The risk-adjusted cost predictions are introduced for the first time. According to the results, the addition 
of the risk in the traditional EVM technique (REVM), improves the monthly cost forecasts for 20 out of the 
21 projects. The risk module addition, either alone or in combination with other modules such as the MA, 
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the WMA and the XSM, improves the forecast accuracy dramatically. The adoption of these modules is 
highly recommended, especially for high risk projects. The number of projects per MAPE group is listed in 
Table 4.3. 

Table 4.3: Number of projects in each MAPE (%) category for the monthly cost models 

Monthly Cost – No of projects in each MAPE (%) category 
MAPE (%) EVM RCM RCM + MA RCM + WMA RCM + XSM REVM  
0% - 25% 16 20 17 17 17 19 

25% - 50% 4 1 4 4 4 2 
50% - 75% 1 0 0 0 0 0 

75% - 100% 0 0 0 0 0 0 
> 100% 0 0 0 0 0 0 

4.1.4 Cost at Completion Forecasts 

The errors of the results of the total cost forecasts for each project are summarized in Table C.4, in 
Appendix C – Baseline Results, and the projects per MAPE group are presented in Table 4.4. Similarly to 
the monthly cost, the RCM + XSM provides the best results. However, using any other of the proposed 
forecasting techniques or even the REVM gives significantly improved results, compared to the traditional 
EVM technique. 

Table 4.4: Number of projects in each MAPE (%) category for the cost at completion models 

Cost at Completion – No of projects in each MAPE (%) category 
MAPE (%) EVM RCM  RCM + MA RCM + WMA RCM + XSM REVM  
0% - 25% 14 20 20 19 20 21 

25% - 50% 5 1 1 2 1 0 
50% - 75% 2 0 0 0 0 0 

75% - 100% 0 0 0 0 0 0 
> 100% 0 0 0 0 0 0 

4.1.5 Monthly Man-hours Forecasts 

Table C.5, in Appendix C – Baseline Results, shows the errors of the monthly man-hour predictions for the 
proposed models. In the majority of the cases, the RMM + XSM offers the best forecasts. It should be 
noted that the man-hours forecast is proposed for the first time and can give a very good insight of the 
projects resourcing needs, essential for planning. Table 4.5 presents an overview of the projects frequency 
per MAPE category.  

Table 4.5: Number of projects in each MAPE (%) category for the monthly man-hours models 

Monthly Man-hours – No of projects in each MAPE (%) category 
MAPE (%) RMM RMM + MA  RMM + WMA RMM + XSM  
0% - 25% 2 2 2 2 

25% - 50% 1 3 2 5 
50% - 75% 3 7 6 4 

75% - 100% 6 2 4 2 
> 100% 9 7 7 8 
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4.1.6 Man-hours at Completion Forecasts 

Finally, Table C.6, in Appendix C – Baseline Results, and Table 4.6 show the errors of the total man-hours 
forecast for the projects tested and their classification according to the MAPE respectively. In this forecast, 
no method seems to outperform the others. In every project, all proposed methods have similar error 
magnitudes. The improvement of this module is proposed as future work in the field, as the predictions 
are not as accurate as for the monthly values. Nevertheless, it provides estimation of the total required 
man-hours and together with experience from similar projects can aid resources planning.  

Table 4.6: Number of projects in each MAPE (%) category for the man-hours at completion models 

Man-hours at Completion – No of projects in each MAPE (%) category 
MAPE (%) RMM RMM + MA  RMM + WMA RMM + XSM  
0% - 25% 6 4 4 5 

25% - 50% 12 13 13 13 
50% - 75% 1 3 3 1 

75% - 100% 0 1 1 2 
> 100% 2 0 0 0 

4.1.7 Baseline Results Summary 

A comprehensive summary of the best methods for each project metric is presented in Table 4.7, along 
with the percentage of projects for which each method was the most accurate. It is suggested that:  

 Initially, the project managers should use the top two models for each metric, to monitor the 
progress.  

 If after a few months one of the models is significantly more accurate for their project, the other 
can be discarded.  

 For the metrics that two models were the most accurate for a similar percentage of projects, for 
example the RSM + WMA and RSM + XSM for the monthly schedule metric, it is expected that the 
most accurate method can differ from project to project.  

 For metrics that one method was distinctively more accurate for most of the projects, it is very 
unlikely that another method will produce more accurate results, e.g. the RCM + XSM for the cost 
metric.  

 It can be observed that for the monthly and completion cost metrics, the RCM + XSM is clearly 
more accurate than the rest of the models. In all other metrics, there are two or three models that 
are quite close in success percentage.  

Table 4.7: Best performing forecasting models 

Forecasting 
model Top Methods Percentage of projects for which the 

method was the most accurate 

Monthly schedule 

RSM + XSM 38% 
RSM + WMA 33% 
REDM + XSM 14% 

RSM 5% 
REDM + WMA 5% 

RSM + MA 5% 
Schedule at 
completion 

REDM + XSM 33% 
RSM + XSM 29% 



 

34 
 

Forecasting 
model Top Methods Percentage of projects for which the 

method was the most accurate 
REDM 24% 
REDM 14% 

Monthly cost RCM + XSM 100% 

Cost at 
completion 

RCM + XSM 90% 
RCM + WMA 5% 

REVM  5% 

Monthly man-
hours 

RMM + XSM 52% 
RMM + WMA 29% 

RMM + MA 10% 
RMM 9% 

Man-hours at 
completion 

RMM 48% 
RMM + WMA 29% 
RMM + XSM 14% 
RMM + MA 9% 

4.2 Baseline Results – An Example Project 

4.2.1 Monthly Schedule Results 

In this section, detailed examples for one of the projects tested are presented (Project 12). The detailed 
results for all the projects are not listed due to the large amount of calculated data, that can confuse the 
reader. The summary tables in Section 4.1 are adequate to interpret the results. For each project metric, 
the best of the methods tested are presented and compared to the methods found in the literature. 
Project 12 has been randomly selected and therefore specific project information is not essential to 
interpret the results. For each metric, the model that gave the best result is presented. Table 4.8  shows 
the detailed calculations for the monthly schedule. The table is devised as: 

 AT: Actual Time for the project. 
 AT for activity:  The sum of all activities durations according to the schedule. 
 Planned Cumulative: The cumulative value of all activities planned durations. For example, Project 

12 had duration of 12 months and all the activities were planned to last 21 months. 
 AD: Actual Duration; an indicator showing how many activities are executed in parallel. 
 AD Cumulative: The sum of all activities actual durations. 
 EDt: Earned Duration as defined in Table 3.3.  
 PPI: Program Performance Index as defined in Table 3.3 and equation (3-1). 
 RCPPI: Risk adjustment Coefficient for the duration as defined in equation (3-2). 
 ADpred(t+1): Predicted forecasted duration for the next month. 

For example, for month four, according to the initial program, the actual duration was predicted to be 8.3 
months, while it was actually five months. In general, this module was able to provide accurate predictions 
for the next month’s duration. In Figure 4.1, the RSM is compared to the EDM and the ES methods. The 
horizontal axis shows the month in the project when the prediction was made (the AT) and the vertical 
axis shows the predicted duration of all activities for this month, i.e. the AT for activity in Table 4.8. Per 
month predictions for the EDM and ES models are not mentioned in the literature. Nevertheless, they 
were developed as part of this study for comparison purposes, following the same methodology. The RSM 
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provides extremely accurate predictions, while the ES model overpredicts the next month’s duration and 
the EDM model underpredicts it. 

Table 4.8: RSM output results for the monthly schedule (in months) 

 Monthly Schedule for Project 12 
AT AT for 

activity 
Planned 

Cum. 
AD AD 

Cum. 
ED (t) PPIhist RCPPI ADpred (t+1) Diff. AD 

(pred-act) 
 1 1 1 1 1 0.4 0.42 0.95 5.0 60% 
 2 2 2 1 2 1.4 0.71 1.52 2.8 -9% 
 3 3 3 1 3 2.0 0.67 1.39 5.4 7% 
 4 5 5 1 4 2.3 0.57 1.48 8.3 16% 
… … … … … … … … … … 
24 49 21 2 47 19.5 0.81 1.76 51.0 0% 
25 51 21 2 49 20.7 0.83 1.76 52.0 0% 
26 52 21 1 50 20.9 0.80 1.76 53.0 0% 
27 53 21 1 51 21.0 0.78 1.76 53.0 

 

 

 
Figure 4.1: Monthly schedule output results 

4.2.2 Schedule at Completion Results 

Table 4.9 shows the detailed calculations for the total project duration. The table is devised as: 

 % complete: The actual completion percentage for the given project.  
 EDAC: The Estimated Duration At Completion, as defined in Table 3.3 and equation (B-3). The total 

duration of the project is forecasted each month. The planned duration for this project was 12 
months, while it was actually completed in 27 months. 

 Difference between Predicted and Actual duration (Diff.AD(pred-act)): Each month, the prediction 
of the total duration is compared with the actual final duration. 

In Figure 4.2, the proposed RSM + XSM is compared to the results from the EDM and ES models. The 
horizontal axis shows the AT and the vertical axis shows the EDAC in months. Both the EDM and ES models 
are underpredicting the final duration in the first five months of the project. The ES model gives longer 
completion times, in comparison to the RSM and EDM model. In the end, it slightly underpredicts the final 
duration. On the other hand, the EDM model appears to be more robust after five months, compared to 



 

36 
 

the ES model, followed by an underprediction after the 15th month. The RSM + XSM shows a lower 
variation from the actual value than the other two models. Although it underpredicts the final duration 
after the 15th month, it provides the best prediction for this project with the lowest RMSE. 

Table 4.9: RSM + XSM results for the schedule at completion (in months) 

Schedule at Completion for Project 12 (Total Duration: 27 months) 
AT ED (t) PPIhist % complete EDAC Diff. AD (pred-act) 
 1 0.4 0.42 0.9% 28.6 -5.9% 
 2 1.4 0.71 3.0% 18.3 32.1% 
 3 2.0 0.67 4.2% 20.1 25.5% 
 4 2.3 0.57 4.7% 24.2 10.4% 
… … … … … … 
24 19.5 0.81 92.4% 25.1 7.0% 
25 20.7 0.83 99.6% 25.1 7.2% 
26 20.9 0.80 99.9% 26.0 3.6% 
27 21.0 0.78 100.0% 27.0 0.0% 

 

 
 Figure 4.2: Schedule at completion output results 

4.2.3 Monthly Cost Results 

In Table 4.10 the monthly cost predictions for Project 12 are presented. This table is devised as:    

 Baseline cost: The budgeted cost per month for the project.  
 Baseline cost cumulative: The cumulative budget for the project. After 12 months the project 

should have been completed and should have cost £48,380. 
 % complete: The percentage completion for the project. 
 AC: The Actual recorded Cost per month. 
 AC cumulative: The cumulative AC for the project. Note that the project was completed after 27 

months or 15 months past the planned date and the total cost was £57,300. 
 EV cumulative: The total Earned Value for the project. Note that, at the end of the project, the EV 

equals the baseline cost cumulative. 
 CPI: The CPI per month as defined in Table 2.2. 
 RCCPI: The Risk adjustment Coefficient for the cost as defined in equation (3-2). 
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 ACpred(t): The estimation of the AC for that month, as defined in Appendix B – Model User Manual 
and Terminology and equation (B-4). For example, for the second month the prediction was that 
the cost will be £3,607 and the actual cost was £1,200. 

 Diff. AC (pred-act): The difference between the predicted and actual values as explained above. 

The proposed RCM + XSM was compared with the actual costs and the EVM model (Figure 4.3). The 
horizontal axis shows the AT and the vertical the monthly cost. The proposed model succeeds in tracking 
the monthly cost with great accuracy. The EVM model overpredicts the monthly cost until the 17th month. 

Table 4.10: RCM + XSM output results for the monthly cost 

 Monthly Cost for Project 12 
AT Baseline 

Cost (£) 
Baseline 

cost 
Cum. (£) 

% complete 
Cum. 

AC 
(£) 

AC 
Cum. 

(£) 

EV 
Cum. 

(£) 

CPIhist RCCPI ACpred (t) 
(£) 

Diff. AC 
(pred-act) 

(£) 
 1 500 500 0.9% 500 500 210 0.4 0.95 

 
53% 

 2 500 1000 3.0% 1200 1700 713 0.4 1.45 3607 27% 
 3 500 1500 4.2% 700 2400 1007 0.4 1.85 3292 7% 
 4 5500 7000 4.7% 300 2700 1133 0.4 1.98 2918 1% 
… … … … … … … … … … … 
24 0 48380 92.4% 450 52900 44669 0.8 1.03 52735 0% 
25 0 48380 99.6% 4100 57000 48254 0.8 1.03 56862 0% 
26 0 48380 99.9% 200 57200 48338 0.8 1.03 57179 0% 
27 0 48380 100.0% 100 57300 48380 0.8 1.03 57256  

 

 
Figure 4.3: Monthly cost output results 

4.2.4 Cost at Completion Results 

Table 4.11 summarizes the results for the total cost forecast. This table differs to Table 4.10 only in the 
ACpred(t) (equation (B-5)), where the total project cost is forecasted. Figure 4.4 shows a comparison of the 
proposed RCM + XSM versus the EVM model. The horizontal axis shows the AT and the vertical axis shows 
the total cost. The proposed model offers a great improvement, by predicting with great accuracy the final 
cost from the third month onwards. On the other hand, the EVM model greatly overpredicts it. 
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Table 4.11: RCM + XSM output results for the cost at completion 

Cost at Completion for Project 12 (Total Cost: £57,300) 

AT Baseline 
Cost Cum. (£) 

% complete 
Cum. 

AC Cum. 
(£) 

EV Cum. 
(£) 

CPIhist RCCPI ACpred (t) 
(£) 

Diff. AC 
(pred-act) (£) 

 1 500 0.9% 500 210 0.4 0.95 121378 -112% 
 2 1000 3.0% 1700 713 0.4 1.45 78737 -37% 
 3 1500 4.2% 2400 1007 0.4 1.85 62253 -9% 
 4 7000 4.7% 2700 1133 0.4 1.98 58100 -1% 
… … … … … … … … … 
24 48380 92.4% 52900 44669 0.8 1.03 57146 0% 
25 48380 99.6% 57000 48254 0.8 1.03 57239 0% 
26 48380 99.9% 57200 48338 0.8 1.03 57257 0% 
27 48380 100.0% 57300 48380 0.8 1.03 57300  

 

 
Figure 4.4: Cost at completion output results 

4.2.5 Monthly Man-hours Results 

In Table 4.12 the monthly man-hours forecast is presented. This table is devised as: 

 Hours planned: Man-hours planned per month. 
 Hours Spent: Man-hours spent on the project per month. 
 API planned:  The planned API, as defined in Section 3.1. 
 APIhist: The historic API. 
 APR Ratio: Defined in Section 3.1. 
 RCAPR: The Risk adjustment Coefficient for the man-hours, as defined in equation (3-2). 
 Man-hourspred (t+1): The predicted man-hours for the next month, as defined in Appendix B – Model 

User Manual and Terminology and equation (B-7). 
 Diff. Man-hours (pred-act): The difference between the predicted and actual values. 

The results are presented in Figure 4.5. The horizontal axis shows the AT and the vertical the monthly man-
hours. As this module is proposed for the first time, it is only compared with the actual values. In the 
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project beginning, the forecast is above the actual values. From the seventh month onwards, it accurately 
estimates the required man-hours for the next period, showing no deviations from the actual value. 

Table 4.12: RMM + XSM output results for the monthly man-hours 

Monthly Man-hours for Project 12 
AT Hours 

Planned 
Hours 
Spent 

API 
Planned 

APIhist API 
Ratio 

RCAPR Man-hourspred 
(t+1) 

Diff. Man-hours 
(pred-act) 

1 10 10.0 0.08 0.03 0.42 1 50.2 32% 
2 20 34.1 0.17 0.12 0.71 1 34.1 -41% 
3 30 47.9 0.25 0.17 0.67 1 280.2 81% 
4 140 53.7 0.83 0.19 0.23 1 819.9 93% 
… … … … … … … … … 
24 0 1059.4 3.00 2.83 0.94 1 1059.4 -8% 
25 0 1141.4 3.00 2.98 0.99 1 1141.4 0% 
26 0 1145.1 3.00 2.99 1.00 1 1145.1 0% 
27 0 1146.3 3.00 3.00 1.00 1 1146.3  

 

 
Figure 4.5: Monthly man-hours output results  

4.2.6 Man-hours at Completion Results 

Table 4.13 is similar to Table 4.11, except that the total man-hours required are estimated. Every month, 
a forecast is derived, to estimate the total man-hours for Project 12. As it can be seen in Figure 4.6, the 
forecast presents an oscillation during the first periods, followed by an underestimation in the total man-
hours required between months seven and 15. This is mainly due to the low API ratio used in the forecast. 
The horizontal axis shows the AT and the vertical axis shows the total man-hours. The total man-hours 
model is recommended for further improvement in future studies. However, from the 16th month 
onwards, the forecast is quite close to the actual value, which can provide insight to the management 
team for assigning additional resources to complete the project as soon as possible. More importantly, the 
monthly forecasting module is quite accurate and can be used by the project manager in planning 
resources for the next month or before a crucial deadline. 
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Table 4.13: RMM + WMA output results for the man-hours at completion 

Man-hours at Completion for Project 12 (Total Man-hours: 1146) 

AT Hours 
Planned 

Hours 
Spent 

API 
Planned 

APIhist API 
Ratio 

RCAPR Total Man-
hourspred 

Diff. Man-hours 
(pred-act) 

1 10 10.0 0.08 0.03 0.42 1 2306 -101% 
2 20 34.1 0.17 0.12 0.71 1 1083 6% 
3 30 47.9 0.25 0.17 0.67 1 1904 -66% 
4 140 53.7 0.83 0.19 0.23 1 1193 -4% 
… … … … … … … … … 
24 0 1059.4 3.00 2.83 0.94 1 1122 2% 
25 0 1141.4 3.00 2.98 0.99 1 1145 0% 
26 0 1145.1 3.00 2.99 1.00 1 1146 0% 
27 0 1146.3 3.00 3.00 1.00 1 1146 0% 

 

 
Figure 4.6: Man-hours at completion output results 

4.3 Decision Support System Baseline Results 

The secondary goal of this study is addressed by using the results from the models and modules developed 
for project performance monitoring and forecasting, to establish an easy, accessible and informative DSS. 
The DSS uses the results for the proposed performance indices, i.e. DPI, CPI, PPI and their combinations, 
i.e. DCI and PCI (see Section 3.1), from the models and compares them with the thresholds defined by the 
user (project manager). It then gives notification for whether the project is overperforming or 
underperforming, in terms of schedule, cost and man-hours spent. The project manager can react 
accordingly based on the outcome of this comparison. 

Table 4.14 and Table 4.15 show examples of the DSS for an underperforming and an overperforming 
project respectively. The projects were selected randomly from the 21 projects tested. For the 
underperforming project (Table 4.14), the cost gets back on track after the 16th month. The schedule, 
according to DPI, does not get back to the required by the project manager level for the whole project 
duration. Nevertheless, according to the PPI method, it performs within an acceptable tolerance from the 
planned duration.  

For the overperforming project (Table 4.15), the cost status is under budget and the schedule status is 
underperforming with the DPI method but performing within the accepted tolerance with the PPI method. 
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This affects the DCI too, showing an overall underperforming project. This shows that the DPI method is 
more conservative than the PPI equivalent for both underperforming and overperforming projects. The 
PPI method is recommended over the DPI method, as for the overperforming projects examined, it was 
producing false alarms for the project manager. Such a misleading forecast can be very time-consuming 
and can counteract the gains of an overperforming project, by spending additional hours to mitigate a 
non-existent risk. This highlights the importance of an accurate model, that supports the DSS, like the ones 
developed as part of this study. 

Underperformance requires action from the project manager to mitigate the risk and overperformance 
requires action from the project manager to utilize the spare resources. In addition, the DSS can provide 
insights for tradeoffs between the schedule and the cost. For example, if the CPI is overperforming, while 
the PPI is underperforming, the project manager can crash activities to improve the schedule performance. 
As the threshold set by the project manager is crucial for the results of the DSS, a sensitivity assessment 
of its impact on the results was performed and presented in Section 5.2.1.  

Table 4.14: DSS example for an underperforming project - RSM and RCM (underperforming threshold of 0.8 and overperforming 
threshold of 1.2)  

Decision Support System Tool – Underperforming Project 

AT 
(months) DPI CPI DCI Schedule 

Status 
Cost 

Status 

Project 
status 
(DCI) 

PPI CPI PCI Schedule 
Status 

Cost 
Status 

Project 
status 
(PCI) 

 1 0.42 0.42 0.18 ↓ ↓ ↓ 0.42 0.42 0.18 ↓ ↓ ↓ 
 2 0.71 0.42 0.30 ↓ ↓ ↓ 0.71 0.42 0.30 ↓ ↓ ↓ 
 3 0.67 0.42 0.28 ↓ ↓ ↓ 0.67 0.42 0.28 ↓ ↓ ↓ 
 4 0.57 0.42 0.24 ↓ ↓ ↓ 0.57 0.42 0.24 ↓ ↓ ↓ 
… … … … … … … … … … … … … 
24 0.47 0.84 0.39 ↓ → ↓ 0.81 0.84 0.68 → → ↓ 
25 0.47 0.85 0.40 ↓ → ↓ 0.83 0.85 0.71 → → ↓ 
26 0.46 0.85 0.39 ↓ → ↓ 0.80 0.85 0.68 → → ↓ 
27 0.44 0.84 0.37 ↓ → ↓ 0.78 0.84 0.66 ↓ → ↓ 

↓ Underperforming → Performing ↑ Overperforming 

Table 4.15: DSS example for an overperforming project - RSM and RCM (underperforming threshold of 0.9 and overperforming 
threshold of 1.1)  

Decision Support Tool - Overperforming Project 

AT 
(months) DPI CPI DCI Schedule 

Status 
Cost 

Status 

Project 
status 
(DCI) 

PPI CPI PCI Schedule 
Status 

Cost 
Status 

Project 
status 
(PCI) 

 1 0.43 1.20 0.52 ↓ → ↓ 0.87 1.20 1.04 ↓ ↑ → 
 2 0.46 1.18 0.54 ↓ → ↓ 0.93 1.18 1.10 → ↑ → 
 3 0.44 1.23 0.54 ↓ ↑ ↓ 0.89 1.23 1.09 ↓ ↑ → 
 4 0.44 1.28 0.56 ↓ ↑ ↓ 0.88 1.28 1.13 ↓ ↑ ↑ 
 5 0.46 1.29 0.59 ↓ ↑ ↓ 0.92 1.29 1.19 → ↑ ↑ 
 6 0.51 1.31 0.67 ↓ ↑ ↓ 1.02 1.31 1.34 → ↑ ↑ 
 7 0.60 1.33 0.80 ↓ ↑ ↓ 1.20 1.33 1.60 ↑ ↑ ↑ 
 8 0.63 1.32 0.83 ↓ ↑ ↓ 1.25 1.32 1.65 ↑ ↑ ↑ 

↓ Underperforming → Performing ↑ Overperforming 

4.4 Results Summary 

The results showed: 
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 For the monthly forecast, all the proposed models provide improved accuracy compared to the 
previous methods. For the schedule at completion, the proposed RSM and the REDM (proposed 
by the authors) stand out, offering the best forecasts. This proves that the novel addition of the 
risk is crucial in producing an accurate forecast.  

 All the proposed models add an exceptionally improved accuracy to the monthly and cost at 
completion forecasts, compared to the traditional EVM technique. This confirms that the addition 
of the risk is crucial for the successful budget monitoring and management. From the suggested 
models, the RCM + XSM model was the most accurate, for almost all the projects tested. 

 The monthly man-hours predictions are calculated by the suggested models with adequate 
accuracy. All models provide comparable results. 

 The proposed models offer better results than the ones existing in the literature for all the metrics 
examined. 

  A DSS tool, which is fed by the RSM model results, can provide vital information to the project 
manager. The proposed combined index PCI gives accurate and useful information for both 
overperforming and underperforming projects. Finally, the DSS can identify tasks that need 
improvement or activities that need to be crashed. 

 No specific pattern has been observed based on the type of project, i.e. hydraulic or 
environmental. The models were built to have global application in any type of project, even 
outside the engineering filed. To confirm this proposition, projects from other professional fields 
should be tested. 

The concepts, equations and methodology used for all the models developed have been presented in 
Chapter 3 and Appendix B – Model User Manual and Terminology. Chapter 4 comprised the presentation 
of the models results for the 21 projects tested and the results obtained from the already existing models 
in the literature. The analysis of these results, the testing of the propositions and the discussion of the 
outcomes are provided in Chapter 5. 
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5 Comparison with Other Models and Discussion 

5.1 Baseline Results Comparison with Previous Studies 

The models results were imported in the SPSS software to compare the models developed as part of this 
study with the previous models in the literature (EVM, ES and EDM). The aim of these tests was to prove 
the validity of the results obtained by the models testing and test the propositions established in sections 
2.6 and 3.1. The following tests were performed: 

 Linear regression analysis between the modeled and actual values for all projects and models. 
 Paired t-test for several combinations, to verify the improvement in the accuracy of the forecasts 

offered by the suggested models, compared to the already established EVM, ES, and EDM techniques. 

5.1.1 Linear Regression Analysis 

Linear regression was performed between the actual values and the predicted values for all the models 
tested (newly introduced and previously existing models). The regression was performed to examine each 
model’s exploratory power and not to construct a linear equation. The analysis was not performed per 
project, but the entire dataset was examined as a whole. Therefore, the observed and forecasted values 
from all 21 projects were collected and fed to SPSS, to perform the linear regression analysis. The testing 
showed that the models of this study improve the accuracy of the results significantly compared to the 
established methods. The results for each project metric are detailed below.  

5.1.2 Linear Regression Analysis - Monthly Schedule 

Table 5.1 presents the regression results for the monthly schedule. The proposed RSM + WMA has the 
highest adjusted R² and the lowest standard error of estimate. The comparison of the results versus the 
ES and EDM ones shows that all the proposed models have a higher R². This means that the variance in 
the independent variable is explained better by the proposed models. When comparing the regression 
results to the error summary results in Table 4.1, it can be observed that the RSM + WMA is more accurate 
than the RSM + XSM. Although the difference is small, and both models offer good monthly predictions, 
the WMA is recommended since it is easier to implement by the project manager (no need to estimate or 
optimize the XSM coefficient). 

Table 5.1: Linear regression summary table (SPSS) – monthly schedule  

Model 
Regression Residual 

R R 
Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

Sum of 
Squares df Mean 

Square 
Std. 

Deviation 
ES 0.82 0.672 0.671 10.484 46498 423 109.92 10.47 

EDM 0.80 0.638 0.637 10.988 51068 423 120.73 10.97 
RSM 1.00 0.991 0.991 1.453 893 423 2.11 1.45 

RSM + WMA 1.00 0.993 0.993 1.338 758 423 1.79 1.34 
RSM + XSM 1.00 0.990 0.990 1.500 952 423 2.25 1.50 

REDM  0.99 0.984 0.984 1.914 1550 423 3.66 1.91 
REDM + XSM 0.99 0.982 0.982 1.999 1690 423 3.99 2.00 

Max/Min 1.00 0.993 0.993 1.338 758  1.79 1.34 
 

Based on Table 4.1 and Table 5.1, including the risk in the schedule forecast, provided more accurate 
results. In 81% of the projects tested, models that included the risk offered better results, resulting in 
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lower MAPE and higher R2 compared to ES and EDM models proposed by Lipke et al. (2009) and Khamooshi 
and Golafshani (2014) respectively. Therefore, P1a is accepted for the monthly schedule metric. 

Based on the results from Table 4.1 and Table 5.1, the proposed RSM models with periodic schedule 
forecast offer better results than the equivalent EDM and ES models. Therefore, P3 is accepted for the 
monthly schedule metric. 

The proposed RSM model, which is based on the newly introduced PPI index, produces more accurate 
forecasts, with lower MAPE than ES and EDM, which use the SPI and DPI metrics (Table 4.1 and Table 
5.1). Therefore, P5 is accepted for this metric. 

The MA did not offer better results than XSM. However, the WMA offered results of similar accuracy to 
the XSM. For this metric, P6 is accepted, due to easier implementation by the practitioners. 

5.1.3 Linear Regression Analysis - Schedule at Completion 

Table 5.2 summarizes the regression results for the schedule at completion models. The proposed RSM + 
XSM offers the best fit to the data, followed by the RSM + WMA. This contradicts the results of Table 4.2, 
where the RSM + XSM and the improved REDM + XSM are almost equivalent. Similarly to the analysis for 
the monthly schedule metric, the RSM + WMA is recommended, as it provides the best results.  

Table 5.2: Linear regression summary table (SPSS) – schedule at completion 

Model 
Regression Residual 

R R 
Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

Sum of 
Squares df Mean 

Square 
Std. 

Deviation 
ES 0.42 0.180 0.178 10.762 51309 443 115.82 10.75 

EDM 0.74 0.548 0.547 4.790 10162 443 22.94 4.78 
RSM 0.78 0.615 0.614 4.235 7947 443 17.94 4.23 

RSM + WMA 0.79 0.627 0.626 4.154 7645 443 17.26 4.15 
RSM + XSM 0.81 0.660 0.659 4.122 7527 443 16.99 4.12 

REDM  0.76 0.577 0.576 5.031 11215 443 25.31 5.03 
REDM + XSM 0.73 0.531 0.530 5.254 12231 443 27.61 5.25 

Max/Min 0.81 0.660 0.659 4.122 7527  16.99 4.12 
 
P1a is rejected for the schedule at completion metric, as the risk coefficient did not improve the accuracy 
of the forecasts. However, the proposed RSM model is based on the newly introduced PPI index and the 
EADC calculated as proposed in this study. As it was shown from Table 4.2 and Table 5.2, it produces 
more accurate forecasts with lower MAPE than ES and EDM. The results show that the proposed models 
are predicting the final project duration more accurately in 86% of the cases compared to EDM. Therefore, 
P5 is accepted for this metric. 

The MA did not offer better results than XSM. The WMA offered results of similar accuracy as the XSM. 
For this metric, P6 is accepted, due to easier implementation by the practitioners. 

5.1.4 Linear Regression Analysis- Monthly Cost 

The regression results for the monthly cost models are presented in Table 5.3. All models offer a good fit, 
but looking at the residuals section, the RCM + XSM has lower magnitude of residuals, with lower standard 
deviation. The results of this regression analysis are in line with the error analysis in Table 4.3, where the 
RCM + XSM outperformed all other models. 
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Table 5.3: Linear regression summary table (SPSS) – monthly cost  

Model 
Regression Residual 

R R 
Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

Sum of 
Squares df Mean 

Square 
Std. 

Deviation 
RCM 1.00 0.998 0.998 1188.328 597328222 423 1412123.46 1186.93 

RCM + WMA 1.00 0.997 0.997 1290.775 704760541 423 1666100.57 1289.25 
RCM + XSM 1.00 0.999 0.999 573.064 138914308 423 328402.62 572.39 

EVM 0.99 0.980 0.980 3389.320 4859208344 423 11487490.18 3385.32 
Max/Min 1.00 0.999 0.999 573.064 138914308  328402.62 572.39 

 
Based on the results from Table 4.3 and Table 5.3, including the risk in the monthly cost forecast provided 
more accurate results than EVM. In all projects tested, the models that included the risk offered better 
results resulting in lower MAPE and higher R2 compared to EVM proposed by Anbari (2003). Therefore, 
P1b is accepted for the monthly cost metric. 

Based on the results from Table 4.3 and Table 5.3, the proposed RCM models with periodic schedule 
forecast offer more accurate results than the equivalent EVM. Therefore, P3 is accepted for the monthly 
cost metric. 

Finally, P6 is rejected for the monthly cost metric, since the XSM offers outstanding results compared to 
MA and WMA. 

5.1.5 Linear Regression Analysis- Cost at Completion 

The regression results for the cost at completion models are presented in Table 5.4. The RCM + XSM offers 
the best fit with the lowest value of residuals. This result is in line with Table 4.4, confirming this model as 
the most appropriate for total cost forecasting. 

Table 5.4: Linear regression summary table (SPSS) – cost at completion 

Model 
Regression Residual 

R R 
Square 

Adjusted 
R Square 

Std. Error of 
the Estimate 

Sum of 
Squares df Mean Square Std. 

Deviation 
RCM 0.85 0.729 0.729 15739.316 109742654421 443 247726082.21 15721.58 

RCM + WMA 0.85 0.723 0.722 16110.496 114979804784 443 259548092.06 16092.34 
RCM + XSM 0.87 0.748 0.748 14953.191 99053878184 443 223597919.15 14936.34 

EVM 0.70 0.494 0.493 25913.182 297471397804 443 671492997.30 25883.98 
Max/Min 0.87 0.748 0.748 14953.191 99053878184  223597919.15 14936.34 

 
Based on the results from Table 4.4 and Table 5.4, including the risk in the cost at completion forecast 
provided more accurate results than EVM (Anbari, 2003). In all projects tested, the models that included 
the risk offered better forecasts, resulting in lower MAPE and higher R2 compared to EVM. Therefore, P1b 
is accepted for the cost at completion metric. 

Finally, P6 is rejected for the monthly cost metric, since the XSM offer outstanding results compared to 
MA and WMA. 

5.1.6 Linear Regression Analysis- Monthly Man-hours 

Regression results for the monthly man-hours are presented in Table 5.5. Again, the RMM + XSM offers 
the best fit with the lowest residuals, confirming the results of the error analysis in Table 4.5. 
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Table 5.5: Linear regression summary table (SPSS) – monthly man-hours 

Model 
Regression Residual 

R R 
Square 

Adjusted R 
Square 

Std. Error of 
the Estimate 

Sum of 
Squares df Mean 

Square 
Std. 

Deviation 
RMM 0.47 0.217 0.215 647.350 177263136 423 419061.79 646.59 

RMM + MA 0.78 0.608 0.607 318.410 42885796 423 101384.86 318.03 
RMM + WMA 0.74 0.544 0.543 355.470 53449938 423 126359.19 355.05 
RMM + XSM 0.85 0.713 0.713 260.537 28712979 423 67879.38 260.23 

Max/Min 0.85 0.713 0.713 260.537 28712979  67879.38 260.23 
 
For the man-hours at completion, the regression analysis resulted to significant errors and thus further 
work is required for this metric.  

P4 and P8 are confirmed for the monthly man-hours forecast. The proposed RMM model offers accurate 
forecasts for the required man-hours during the next time period. However, the man-hours at completion 
metric is inaccurate with high errors and P4 and P8 are rejected for this metric. 

From this analysis, it is important to highlight that for both the total cost and monthly man-hours metrics, 
the RCM + WMA and RMM + WMA respectively, are also giving accurate forecasts. In fact, they should be 
preferred to the RCM/RMM + XSM, due to easier application. This stands especially when experience with 
similar project is not available and therefore it is difficult to estimate or optimize the XSM coefficient. In 
such cases, the WMA module produces less volatile results, due to the rigidity of the method. In other 
words, the WMA module always uses the same weight factors applied to the last three observations. This 
is not the case for the constantly changing XSM coefficient, which is adjusted every time a new observation 
is added in the model. 

5.1.7 Paired T-test Results 

Paired t-tests have been performed between the residuals of the different models (actual - predicted 
values), for several combinations. The aim of the test was to compare the models introduced in this study 
to the models available in the literature, to prove the superiority of the suggested model in terms of 
accuracy and confirm/reject the propositions and research question.  

For all the tests, the categorical independent variable was the models tested and the continuous 
dependent variable was the residuals calculated between the models results and the actual values. The 
aim of the tests was to decide if there is statistically significant difference between the mean residuals of 
the models tested (Pallant, 2007). One of the assumptions of the paired t-test is that the sets of residuals 
should be normally distributed. As the sample size is 425 (which is significantly higher than the 
recommended 30+ threshold), a violation of this assumption is very unlikely to have impact on the results.  

The residual values have been preferred to the original values calculated per metric of the project. This 
shows not only if there is difference between the models, but also the magnitude of the difference in the 
prediction accuracy of the modeled results, based on the observed values. The tests have been performed 
using the SPSS software. The pairs were selected in a way that the interpretation of the results would add 
some value to the comparison study between the existing and the newly proposed methods.  

The 2-tailed significance values have been calculated for all the pairs tested. If this probability value is less 
than 0.05, there is a statistically significant difference between the two models. The mean, the sample 
size, the standard deviation, the standard mean error and the t-values are also reported for all tests. To 
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calculate the magnitude of the difference in accuracy between the models, the eta squared (η²) value has 
been calculated as: = + − 1 (5-1) 

where N is the sample size and t the t-value calculated from the paired t-test. Cohen (1988) proposed that 
η2 values of 0.01 or less signify a small difference, values up to 0.06 a moderate difference and values of 
0.14 or larger a very significant difference between the models accuracy. 

The testing confirmed that for all the project metrics, the newly introduced models provide more reliable 
and accurate forecasts, that help the project managers to save time and cost, by correctly managing and 
mitigating the risk. 

Table 5.6 summarizes the results for the paired t-test for the eight combinations examined for the monthly 
schedule. The results showed that there was statistically significant difference for all the pairs tested and 
that the effect size is very large, with η2 greater than 0.5. This means that choosing the more accurate 
model will have a great impact on the outcome, i.e. the models are not performing equally well. As 
expected from the previous analysis performed in this study, the RSM is outperforming the ES and EDM 
models, as the latter are not designed to perform periodic calculations. The t-test also showed that the 
RSM + WMA is giving the most accurate predictions. It is followed by the RSM and finally by the RSM + 
XSM. This confirms the acceptance of propositions P1a, P3, P5 and P6. Although the XSM module is giving 
good predictions, when the smoothing coefficient is optimized, the WMA module is more robust and gives 
consistently more accurate results. Therefore, it should be preferred. 

Table 5.6: Paired t-test summary table (SPSS) – monthly schedule  

Monthly Schedule Mean N Std. 
Deviation 

Std. Error 
Mean t Sig. (2-

tailed) η2  

Pair 1 
RSM absolute residuals 0.98 425 1.07 0.05 

-23.147 0 0.56 
ES absolute residuals 8.27 425 6.41 0.31 

Pair 2 
RSM absolute residuals 0.98 425 1.07 0.05 

-22.781 0 0.55 
EDM absolute residuals 8.54 425 6.88 0.33 

Pair 3 
RSM + WMA absolute residuals 0.85 425 1.03 0.05 

-23.09 0 0.56 
EDM absolute residuals 8.54 425 6.88 0.33 

Pair 4 
RSM + WMA absolute residuals 0.85 425 1.03 0.05 

-23.411 0 0.56 
ES absolute residuals 8.27 425 6.41 0.31 

Pair 5 RSM + XSM absolute residuals 1.04 425 1.08 0.05 -22.386 0 0.54 
EDM absolute residuals 8.54 425 6.88 0.33 

Pair 6 
RSM + XSM absolute residuals 1.04 425 1.08 0.05 

-22.778 0 0.55 
ES absolute residuals 8.27 425 6.41 0.31 

Pair 7 
RSM + XSM absolute residuals 1.16 425 1.52 0.07 

-22.773 0 0.55 
EDM absolute residuals 8.54 425 6.88 0.33 

Pair 8 
RSM + XSM absolute residuals 1.29 425 1.52 0.07 

-23.147 0 0.56 
EDM absolute residuals 8.54 425 6.88 0.33 

Eight different pairs have been tested for the schedule at completion results. The tests outcomes are listed 
in Table 5.7. There was statistically significant difference for all the pairs tested, except for Pair 8: the EDM 
model versus the REDM + XSM. The paired t-test for the schedule at completion is more important for the 
conclusions of this study, as it highlights the improvements made to the already existing models (designed 
for this purpose). The η2 values show that there is small difference in the accuracy of the EDM, the REDM, 
the REDM + XSM, the RSM and the RSM + WMA, confirming the acceptance of propositions P3, P5 and 
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P6. There is moderate to large difference for all the models against the ES model. Again, the RSM, RSM + 
WMA and RSM + XSM give the most accurate predictions and are recommended over EDM and ES. 

Table 5.7: Paired t-test summary table (SPSS) – schedule at completion  

Schedule at Completion Mean N Std. 
Deviation 

Std. Error 
Mean t Sig. (2-

tailed) η2  

Pair 1 
RSM absolute residuals 2.98 425 3.00 0.14 

-2,242 0.025 0.01 
EDM absolute residuals 3.25 425 3.51 0.17 

Pair 2 
RSM absolute residuals 2.98 425 3.00 0.14 

-5.271 0.000 0.06 
 ES absolute residuals 5.21 425 9.40 0.45 

Pair 3 RSM + WMA absolute residuals 2.96 425 2.91 0.14 -2.373 0.018 0.01 
EDM absolute residuals 3.25 425 3.51 0.17 

Pair 4 
RSM + WMA absolute residuals 2.96 425 2.91 0.14 

-5.314 0.000 0.06 
ES absolute residuals 5.21 425 9.40 0.45 

Pair 5 
RSM + XSM absolute residuals 2.76 425 3.05 0.15 

-3.637 0.000 0.03 
EDM absolute residuals 3.25 425 3.51 0.17 

Pair 6 
RSM+ XSM absolute residuals 2.76 425 3.05 0.15 

-5.727 0.000 0.07 
ES absolute residuals 5.21 425 9.40 0.45 

Pair 7 
REDM + risk absolute residuals 3.45 425 3.65 0.17 

2.447 0.014 0.01 
EDM absolute residuals 3.25 425 3.51 0.17 

Pair 8 
REDM + XSM absolute residuals 3.40 425 4.00 0.19 

0.965 0.335 0.00 
EDM absolute residuals 3.25 425 3.51 0.17 

 
Three pairs have been examined for the monthly cost models. The results are tabulated in Table 5.8. There 
was statistically significant difference for all the pairs tested and that the magnitude of the difference is 
considerably large. The RCM + XSM gives the most accurate forecast, followed by the RCM. The RCM + 
WMA is relatively close. All the proposed models add a phenomenally improved accuracy to the monthly 
cost forecast compared to the traditional EVM technique. This proves that the addition of the risk has a 
tremendous positive impact to the monitoring of the project budget and it verifies the acceptance of 
propositions P1b, P3 and P6. This is considered the most significant contribution of this study. In the case 
of the monthly cost, in comparison with the schedule forecasts, the XSM module is adding important 
accuracy to the forecast compared to the RCM and the RCM + WMA. Therefore, the RCM + XSM is highly 
recommended for acquisition of prompt and insightful information about the budget expenditure. 

Table 5.8: Paired t-test summary table (SPSS) – monthly cost  

Monthly Cost Mean N Std. 
Deviation 

Std. Error 
Mean t Sig. (2-

tailed) η2  

Pair 1 
EVM absolute residuals 2057 425 2687 130 

11.592 0.000 0.24 
RCM absolute residuals 512 425 1070 55 

Pair 2 
EVM absolute residuals 2057 425 2687 130 

10.472 0.000 0.21 
RCM + WMA absolute residuals 628 425 1126 55 

Pair 3 
EVM absolute residuals 2057 425 2687 130 

14.161 0.000 0.32 
RCM + XSM absolute residuals 278 425 500 24 

The same three pairs have been examined for the cost at completion models. The results are similar to the 
monthly cost. Table 5.9 illustrates the tests outcomes. All tests showed that there was statistically 
significant difference for all the pairs tested and that the magnitude of the difference is considerably large. 
The RCM + XSM gives the most accurate forecast, followed by the RCM and the RCM + WMA. For the cost 
at completion, the three RCM are performing equally well compared to the monthly cost and they can be 
considered interchangeable. All the proposed models are a remarkable improvement to the traditional 
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EVM technique and can be considered a novelty in the field. In addition the results of the t-test confirm 
the acceptance of propositions P1b, P3 and P6. For the monthly and total man-hours metrics, there are 
no previous models to compare. Therefore, the paired t-test was not relevant and was discarded. 

Table 5.9: Paired t-test summary table (SPSS) – cost at completion 

Cost at Completion Mean N Std. 
Deviation 

Std. Error 
Mean t Sig. (2-

tailed) η2  

Pair 1 
EVM absolute residuals 14811 425 21216 1006 

11.322 0 0.23 
RCM absolute residuals 5697 425 14650 695 

Pair 2 
EVM absolute residuals 14811 425 21216 1006 

10.792 0 0.22 RCM + WMA absolute residuals 5958 425 14946 708 

Pair 3 
EVM absolute residuals 14811 425 21216 1006 

12.162 0 0.26 
RCM + XSM absolute residuals 5286 425 13967 662 

 
5.1.8 Summary of Comparison with Previous Studies 

In summary, the comparison of the suggested models with the previous studies showed: 

 The suggested models provide more accurate schedule forecast compared to the already existing 
models and especially for the monthly forecast. The inclusion of the risk improves the predictions 
considerably, which can result in time and consequently in cost saving.  

 The cost forecasting models with the inclusion of the risk adjustment module are an outstanding 
improvement to the models used so far, giving realistic and reliable forecasts both for the completion 
and periodic values. 

 The man-hours forecast models, although never studied before, can give a good estimate of the future 
of the project and facilitate the project management. 

5.2 Sensitivity Assessment Results 

Sensitivity assessment has been performed for the following indices and metrics: 

 Indices Thresholds 
 Initial Estimated Risk Coefficient 

The results of the analysis are presented in Sections 5.2.1 and 5.2.2. 

5.2.1 Indices Thresholds Sensitivity Results 

This assessment aimed to test the change in the models ability to give correct alarm to the project manager 
for overperformance or underperformance, when the indices thresholds change. The methodology used 
for the assessment is described below: 

 The indices thresholds examined in Section 4.3 for the DSS, have been increased and decreased by 10% 
for each project. This percentage was used as a reasonable change in the threshold, that gives 
meaningful results. Smaller change would not have enough impact on the results and greater change 
would be unrealistic, e.g. no project manager would consider a project with PCI of 0.5 as successful.  

 For all three runs of the models, i.e. with the baseline, the increased and the decreased indices 
thresholds, the number of hits and misses was counted. The definition of a hit is when the model was 
correctly predicting, for example, underperformance for the next time-period and the project actually 
underperformed. This means that the relevant index was actually below the threshold, as predicted. 
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The definition of a miss is the case when the prediction of the model for underperformance or 
overperformance was a false alarm. For example, if the model predicted that the relevant index would 
be under the threshold the next time-period and it finally was over the threshold. 

 The change in the number of hits and misses before and after the increase or decrease of the thresholds 
was calculated.  

 The number of projects that had change in the miss or hit total after the threshold change was counted. 
The results are presented in Table 5.10. 

For the combined indices the RCM was combined with each of the schedule performance models. The 
results show: 

 DPI: For four out of the 21 projects, for the 10% DPI increase, and for seven out of the 21 projects, for 
the 10% DPI decrease, there was a change in the hit/miss count. The above results translate into greater 
sensitivity of the EDM method to the threshold decrease compared to the threshold increase. This 
means that less conservative threshold setting (greater tolerance of the variance of actual versus 
planned) affects the DSS results less than a more conservative approach. This is as expected, due to the 
larger value interval within which the model is declared as performing. 

 PPI: For 11 out of the 21 projects, for the PPI 10% increase, and for 12 out of the 21 projects, for the 
10% PPI decrease, there was a change in the hit/miss count. This shows that the PPI is more sensitive 
to the threshold change than the DPI, by approximately 25-30%. Therefore, a change in the project 
manager’s approach can be more successfully interpreted by the proposed RSM, rather than with the 
traditional EDM technique. This is more likely due to the risk-adjusted forecasts offered by this 
innovative method, compared to the less realistic and less flexible EDM technique. 
This analysis reinforces the acceptance of proposition P5, confirming that the PPI provides better 
forecasting results than the DPI. 

 CPI: For seven out of the 21 projects, for the CPI 10% increase and decrease, there was a change in the 
hit/miss count. This means that the CPI is equally sensitive to the increase and decrease of the 
threshold, whereas the schedule performance indices, namely DPI and PPI, were more sensitive in the 
threshold decrease. 

 DCI: For two out of the 21 projects, for the DCI 10% increase, and for three out of the 21 projects, for 
the 10% DCI decrease, there was a change in the hit/miss count. This result shows that the combined 
index is less sensitive to the threshold change than the individual DPI and CPI ones. The above confirms 
that the DCI is a more reliable descriptor of the project overall performance. It gives more stable results, 
as it considers the whole picture, both schedule and cost. 

 PCI: For four out of the 21 projects, for the PCI 10% increase, and for five out of the 21 projects, for the 
10% PCI decrease, there was a change in the hit/miss count. This outcome confirms that the PPI 
component is more sensitive to the threshold change than the DPI. This results to a more adaptable 
combined index. Changing the threshold has an impact on the project manager’s decision and can give 
more useful information on whether an action is required and at which exact stage of the project. On 
the other hand, the DCI is a less flexible index, which does not reflect the project manager’s changes 
equally well.  

Therefore, the PCI index is more adaptable combined index reflecting project performance and is used 
to provide additional insight of the project status to the project manager. Consequently, P7 is accepted.  
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Table 5.10: Indices thresholds sensitivity assessment summary 

Indices Thresholds Sensitivity Assessment Summary 

  Number of Projects with Hit/Miss Change  % of Projects with Hit/Miss Change  
Index Method +10% Threshold -10% Threshold +10% Threshold -10% Threshold 

DPI 

REDM 4 7 19.05% 33.33% 
REDM + MA 4 6 19.05% 28.57% 

REDM + WMA 4 6 19.05% 28.57% 
REDM + XSM 3 3 14.29% 14.29% 

  MAX 4 7 19.05% 33.33% 

PPI 

RSM 11 10 52.38% 47.62% 
RSM + MA 11 12 52.38% 57.14% 

RSM + WMA 10 12 47.62% 57.14% 
RSM + XSM 2 5 9.52% 23.81% 

  MAX 11 12 52.38% 57.14% 

CPI 

RCM 7 6 33.33% 28.57% 
RCM + MA 6 7 28.57% 33.33% 

RCM + WMA 6 6 28.57% 28.57% 
RCM + XSM 1 0 4.76% 0.00% 

  MAX 7 7 33.33% 33.33% 

DCI 

REDM / RCM 1 3 4.76% 14.29% 
REDM + MA / RCM 2 2 9.52% 9.52% 

REDM + WMA / RCM 1 2 4.76% 9.52% 
REDM + XSM / RCM 0 1 0.00% 4.76% 

  MAX 2 3 9.52% 14.29% 

PCI 

RSM/RCM 4 3 19.05% 14.29% 
RSM + MA / RCM 2 3 9.52% 14.29% 

RSM + WMA / RCM 0 5 0.00% 23.81% 
RSM + XSM / RCM 0 0 0.00% 0.00% 

  MAX 4 5 19.05% 23.81% 

5.2.2 Risk Coefficient Sensitivity Results  

As it is mentioned in Section 3.1, the risk coefficient is used in the beginning of the forecast. Then, it is 
adjusted automatically by the model, according to the project performance. A sensitivity analysis to the 
initial risk coefficient was performed, to examine if the optimal method for project monitoring would 
change. The initial risk coefficient was 0.95 (chosen based on the project manager’s experience), indicating 
underperformance. This coefficient was decreased and increased by 20% for all models tested. To verify if 
the optimal method has changed, the RMSE was calculated before and after changing the coefficient. The 
optimal method, in all scenarios, is defined as the method with the lowest RMSE value. The results show: 

 Monthly Schedule: Table 5.11 summarizes the results for the monthly schedule forecast. By decreasing 
the risk coefficient by 20%, to a value of 0.76 (indicating a higher risk of underperformance), the optimal 
method changed in 33% of the cases. When the risk coefficient was increased by 20%, to a value of 
1.14 (indicating an opportunity of overperformance), the optimal method changed in 14% of the cases. 
It can be concluded that the monthly schedule forecast is rather robust against changes in the initial 
risk coefficient, due to the models adaptability to project performance. Sensitivity assessment has not 
been performed for the schedule at completion models, as it does use the risk coefficient. 
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Table 5.11: Risk coefficient sensitivity analysis for the monthly schedule 

Initial Risk Coefficient Sensitivity Assessment – Monthly Schedule 
 RC = 0.76    RC = 1.14  
Total Projects with Method Change 7       3   
Risk sensitivity method change   33.33%       14.29%   

 
 Monthly Cost: Table 5.12 summarizes the sensitivity analysis results for the monthly cost forecasting. 

If the risk coefficient is decreased by 20%, the optimal solution changes in 9.5% of the cases. If it is 
increased by 20%, it changes in 14.3% of the cases. This indicates that the monthly cost models are 
relatively independent of the initial value of the risk coefficient. The above result was expected, due to 
the larger number (thousands of £) in comparison with the schedule values (30 months or less). 

Table 5.12: Risk coefficient sensitivity analysis for the monthly cost 

Initial Risk Coefficient Sensitivity Assessment – Monthly Cost 
 RC = 0.76    RC = 1.14  
Total Projects with Method Change 3       2   
Risk sensitivity method change  9.52%       14.29%   

 
 Cost at Completion: The total cost forecasting models appear to be more sensitive to changes in the 

initial risk coefficient than the duration and the monthly cost models. Decreasing the risk coefficient by 
20%, results in changing the optimal solution in 38% of the projects (Table 5.13). Increasing the risk 
coefficient by 20%, results in changing the optimal solution in 19% of the projects. An explanation for 
this result is the use of a conservative or optimistic risk coefficient in the forecasts, in combination with 
the RMSE metric. Choosing a conservative risk factor results in predicting a higher final cost and a high 
squared error. Choosing an optimistic risk coefficient value produces again a high squared error in the 
first months of the project. Nevertheless, in most of the cases, the proposed models provide better 
results than EVM, which uses a risk-free forecast formula. Therefore, the proposed models offer more 
realistic forecasts, which are a valuable source of information to the project manager. 

Table 5.13: Risk coefficient sensitivity analysis for the cost at completion 

Initial Risk Coefficient Sensitivity Assessment – Cost at Completion 
 RC = 0.76    RC = 1.14  
Total Projects with Method Change 8       4   
Risk sensitivity method change  38.10%       19.05%   

 
 Monthly Man-hours: The results for the monthly man-hours forecasting model are presented in Table 

5.14. The optimal method remained unchanged in 96% of the cases, regardless if the risk coefficient 
was changed. The total man-hours forecasting models have not been included in the risk coefficient 
sensitivity analysis, as further work is required to improve their accuracy. 

Table 5.14: Risk coefficient sensitivity analysis for the monthly man-hours 

Initial Risk Coefficient Sensitivity Assessment – Monthly Man-hours 
 RC = 0.76    RC = 1.14  
Total Projects with Method Change 1       1   
Risk sensitivity method change  4.76%      4.76%   
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5.3 Models, Methods and Results Limitations 

Besides the performed comparison between the suggested models and the traditional EVM, ES and EDM 
models, other methods proposed in the literature were not considered. In addition, it is important to note 
the following limitations for this study: 

• The proposed models do not offer any risk mitigation suggestions. The forecasts provide additional 
insight or an alert for the project manager. 

• Identification and investigation of the root causes of delays/time savings or budget 
overrun/underspend is not provided. A root cause analysis is project specific and is not addressed in 
this study.  

 Confidence intervals for the forecasts (especially for schedule and cost at completion) have not been 
implemented. This can form subject for future work in the field. 

 The XSM module has been optimized to produce the most accurate possible outcome. This is not always 
possible before a few observed values of the project performance have been recorded. Therefore, the 
WMA module is recommended instead. This stands for most of the project performance metrics and 
especially for the ones related to the schedule. For the schedule metrics, the two modules offer 
interchangeable results. For the monthly cost related metrics, the XSM module offers a significant 
improvement to the WMA module. It is thus recommended, as even when not fully optimized, it offers 
more accurate forecasts.  

 Lead time for materials or components by suppliers has not been addressed separately in these models. 
A delay in a material could be responsible for a delay in a subsequent task or higher material costs could 
affect the project’s final cost. This can be addressed by creating a separate task for tracking the 
material’s lead time and cost. In that case, a fixed cost assumption should be made and the duration 
for the task should equal one (the date for delivery). 

 During the results processing and analysis, it was noted that in some metrics, i.e. the monthly cost and 
monthly schedule, there is one model (e.g. the RSM + XSM) that outperforms the rest significantly. In 
other metrics (e.g. for the schedule at completion), three or even four models show comparable 
performance. The reasons for this differentiation, if existent, have not been identified. This analysis is 
recommended for future work, when more projects from engineering and additional disciplines have 
been tested.  

5.4 Discussion 

The main research gaps in the area of project monitoring and forecasting addressed in this study are the 
inadequate accuracy of the existing forecasting methods and the lack of a cohesive model that includes 
the project risk. As it was mentioned in Section 1.1, the primary goal of this thesis is to examine how the 
risk can be included in the forecast of the project future status of hydraulic and environmental projects, in 
order to produce more accurate predictions. From the literature review performed, several propositions 
were constructed which were tested on new novel models and existing ones, using real engineering data 
from hydraulic and environmental engineering projects. The analysis of the results yielded that several of 
the propositions can be accepted. So, indeed, the inclusion of the risk in the forecasting models provides 
better results. Specifically:  

 Risk: None of the previous studies have included the project risks in the forecast, and thus they 
provided inaccurate predictions (see Sections 2.3 for details). In the proposed models, the project 
manager is given the opportunity to use its experience from similar projects and together with a simple 
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and adaptable assessment form, calculate an initial risk coefficient. By confirming P1a and P1b, it can 
be inferred that the inclusion of risk improved the forecasts dramatically. The risk coefficient is used 
in the beginning of the project, when no information is yet available. Then, with a novel module, 
developed as part of this study, the forecasts are adjusted based on the risk, which is included now in 
the forecasting formulas. This technique offers a continuous and realistic adaptation of the forecasts 
to the project history. This module has proven to reduce successfully the error between forecasted 
and actual values to a minimum. However, further research is required to improve the forecast at 
schedule completion with the risk coefficient. The progress made by this contribution can be very useful 
for decision making and for the prediction of cash flow. Cash flow is crucial for the survival of big 
organizations and sets the project’s success at risk. Any information about future cash flow, even within 
confidence limits, gives to the project managers or the senior management time to plan and react. 

 Schedule: With the newly introduced PPI a more accurate project duration tracking can be performed. 
The proposed PPI measures the speed of execution of the project. This is an easy-to-understand 
schedule performance index, compared to the indices of other studies and offers better schedule 
forecasts (see P5) (the DPI and the SPI (Lipke et al., 2009; Khamooshi and Golafshani, 2014).  

 Forecasting: So far in the literature (Anbari, 2003; Lipke et al., 2009, Batselier and Vanhoucke, 2017 
and Andrade et al., 2019), efforts have been made to forecast the total project duration or total cost. 
Although this forecast is important, it is also vital for the project manager to know what will happen in 
the next time-period or before an important milestone. In this thesis, a monthly/interval forecast is 
proposed for the first time and provides accurate predictions. As it was demonstrated by the previous 
analysis and the acceptance of P3, these predictions offer useful insight about the next time-period 
of the project. In addition, simple forecasting techniques are used, like the WMA, which improve the 
models performance. These techniques are easy to comprehend and to implement by the project 
manager. P6 focused on whether the XSM could be replaced by the easy-to-implement WMA and MA 
models. As it was shown, WMA offered similar results to XSM for the schedule forecast 
complementing the current research of Khamooshi and Abdi (2017) with a simpler technique. On the 
other hand, XSM demonstrated outstanding performance in the cost forecasts, rendering it 
irreplaceable. 

 Cost: Risk-based forecasts for the next time-period and total cost are also implemented for the first 
time and the results confirmed proposition P1b and P6. The results show an outstanding improvement 
compared to the traditional EVM theory (Anbari 2003; Andrade and Vanhoucke, 2017), taking the cost 
forecast to another level of accuracy compared to all previous studies. Specifically, the accuracy is 
improved by a magnitude of several £1000. 

 Man-hours: Forecasting the required man-hours to complete a project activity or the entire project, is 
also a new feature offered by this study and never suggested before. It was shown that the periodic 
forecast module can accurately predict the required man-hours for the next period, partially 
confirming P4. Yet, further research is required to improve the total man-hours forecast. 
Nevertheless, the project manager can track and plan accordingly the requirements in personnel. This 
enables quantification of the resources necessary to complete the project activities.  

As a result, the proposed models offer project tracking in three areas by monitoring schedule, cost and 
resources requirements. This is achieved by using newly proposed indices and easy to implement 
forecasting techniques and by considering the risk or opportunity for overperformance or 
underperformance. The above was confirmed by comparing the models results and forecast errors versus 
the established models in the literature. The proposed models and confirmation of the propositions P1a 
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and P1b are therefore answering the research question successfully, by providing accurate project tracking 
and reliable forecasts both, for the next time-period and for project completion by considering project 
risks. The results can be used as an input for decision making by the project manager and present 
trustworthy information to the stakeholders. 

Furthermore, a DSS which is fed by the models results is implemented. The DSS feature informs the project 
manager whether the schedule/cost is off track, on track, or exceeding performance. The evaluation is 
performed by using thresholds that characterize the project performance and can be set by the project 
manager. With the newly introduced combined DCI and PCI, the overall project performance can be 
summarized in one number, which facilitates the communication with the senior management about the 
project status. In addition, the project manager can get a quick overview of the schedule and cost 
performances and decide if necessary tradeoffs or project crashing is required, to improve the schedule 
and/or cost performance. From the results presented in Sections 4.3 and the 5.2.1, it is concluded that a 
DSS fed from the model outcomes can give early warnings to the project manager, allowing restorative 
action. In addition, the DSS can identify project areas that are overperforming, facilitating tradeoffs of 
resources with other projects. Based on this analysis, P2 is accepted. The above answers the second goal, 
about how the models results can be used by the project managers with minimum time and cost effort, to 
offer an accurate and reliable DSS. 

Table 5.15 summarizes the results of the propositions testing. 

Table 5.15: Propositions Results 

Proposition tested 
Results (based on the projects 

tested) 

P1a: Including the risk in the project forecasts with statistical methods 
will lead to more accurate schedule predictions compared to EDM and ES 

Confirmed for the monthly schedule 
metric,  

rejected for the schedule at 
completion metric 

P1b: The inclusion of the risk in the project forecasting with statistical 
methods will lead to more accurate cost predictions compared to EVM. 

Confirmed 

P2: If a DSS is fed from the results of the project forecasting models, it will 
give early warnings to the project manager, allowing restorative action. Confirmed 

P3: If the risk-based adjustment project performance forecasting models 
are used, periodic forecasts can be more accurate.  

Confirmed 

P4: If the risk-based adjustment project performance forecasting models 
are used, man-hours forecasts can be provided with accuracy. 

Confirmed for periodic forecasts, 
rejected for project completion 

forecasts 

P5: The PPI index will provide better schedule forecasting results than the 
EDM (DPI) and EVM (SPI). 

Confirmed 

P6: Moving average techniques can give better or equal results to 
exponential smoothing in terms of forecasting (lower MAPE or RMSE). 

Confirmed for schedule forecasts, 
rejected for cost and man-hours 

forecasts 

P7: The PCI is a better combined index than DCI giving additional 
information to the project manager. 

Confirmed 
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Proposition tested Results (based on the projects 
tested) 

P8: If the proposed APR index is used, the forecasting models can provide 
accurate manhours predictions. 

Confirmed for periodic forecasts, 
rejected for project completion 

forecasts 
 
All models suggested and the DSS have been validated against the recorded values for 21 real engineering 
projects and have been extensively tested with widely acceptable performance tests3. These include the 
RMSE, MAPE, linear regression and paired t-test. Sensitivity analysis has also been performed for several 
of the models features, to determine the factors and model parameters that mostly influence the results. 

By using the proposed models, the project manager will receive accurate information about the project’s 
current status and forecasts for the schedule, cost and man-hours for the next time-period or at project 
completion. These novel models are offering great advantages compared to the traditional project tracking 
methods, which take into consideration only the past project performance. Combining the models results 
with the proposed DSS, a quick and accurate evaluation of each project can be performed. This evaluation 
is focusing on the tasks that need improvement or identifies opportunities for resources to be assigned 
elsewhere. The models are easy-to-use and require no additional work or data preparation, as the inputs 
are the same as these used for the traditional project tracking methods. As a result, the project manager 
gets concise and concrete results for the project’s past and future performance, while the overperforming 
or underperforming areas are identified by the DSS.  

Finally, by offering accurate forecasts and easy to understand indices, the authors are confident that the 
proposed models can be used for effortless and effective tracking of multiple projects. A healthy project 
reduces stress levels and ensures that the working hours are kept in acceptable levels. Employees and 
customers satisfaction is strictly related to the success of the project, whether this refers to the timely 
finish or the efficient utilization of resources, i.e. people and/or budget. It is expected that the innovations 
and improvements proposed in this thesis will promote the adoption of risk in project tracking and 
forecasting techniques. 

  

                                                           
3 The models are available for free use and can be downloaded from the following link. 
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6 Conclusions and Recommendations 

6.1 Conclusions 

The main goal of this study was to answer if the inclusion of the risk could improve project forecasts in 
three areas, namely schedule cost and man-hours. In addition, it was examined if a Decision Support 
System fed by the forecasting model results could be used to help project managers in decision making. 
This research was based on the development of new models or improvement of existing models. The 
models were tested with real-life engineering projects data. This study aimed to respond to the following 
research question: 

 Research Question:  How can the financial risk be included in the project performance forecasting to 
improve the prediction accuracy in hydraulic and environmental projects?  

This thesis contributes to the project performance monitoring and forecasting field by introducing new 
models, which enable the project managers to save time and cost, by efficiently identifying, tracking and 
mitigating the project risks. By including the risk in the forecasting techniques, the proposed models 
provide more accurate results than the existing ones in the literature. The innovative models and 
performance indices introduced, include risk and statistical forecasting components. Project performance 
is tracked and forecasted periodically and/or at project completion, by considering the risks or 
opportunities for underperformance or overperformance respectively. Easy to apply statistical techniques 
are used, to ensure great forecasting accuracy. Project tracking is performed in three dimensions, i.e. 
schedule, cost and resources requirements.  

Further to the main research question, the following conclusions can be drawn based on the propositions 
testing of this study: 

 The inclusion of risk improved the forecast accuracy for the periodic schedule forecasts and the periodic 
and completion cost forecasts. 

 DSS tools can help early detection of problems/opportunities and initiate action by allowing he project 
manager to make decisions according to the project performance and thus maximize the profit by 
executing possible tradeoffs between overperforming and underperforming tasks  

 Periodic forecasts can be accurately provided. 
 Manhours forecast (by using the APR index) are also possible with acceptable accuracy for periodic 

forecasts, but not for completion forecasts. 
 The PPI is an improvement, compared to DPI and SPI. 
 Moving average techniques can substitute the XSM for schedule forecasts. 
 The PCI is more accurate than the DCI. 

As part of this study, several methods for project performance monitoring have been examined. Table 6.1 
summarizes the merits and weaknesses of the best methods, for each of the projects schedule metrics 
examined. Regarding the monthly forecast, all the proposed models provide improved accuracy compared 
to the EDM and the ES methods. For the schedule at completion, the proposed RSM and the REDM 
(proposed by the authors) stand out, offering the best forecasts. This proves that the novel addition of the 
risk is crucial in producing an accurate forecast. The risk does not include only project specific influences, 
but also wider environmental variables, such as political, financial, technological and weather-related 
opportunities or hazards that can affect the project financial status.  
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Table 6.1: Methods weaknesses and merits summary – schedule metrics 

Method Monthly Schedule Schedule at Completion 
ES  Not designed for monthly 

predictions.  
 Very inaccurate predictions. 

 Very inaccurate predictions due to the cost element in 
the schedule predictions. 

EDM  Not designed for monthly 
predictions.  

 Very inaccurate predictions. 

 Accurate predictions for projects without pauses in the 
schedule. 

 Less accurate predictions for projects with pauses and 
variation in the schedule acceleration. 

RSM  The risk-adjusted prediction in 
combination with the PPI give very 
accurate results. 

 The addition of the PPI increase the accuracy of the 
forecast. 

  The addition of the risk did not improve the forecasts 

RSM+ 
WMA 

 The WMA module renders this 
method the second more accurate. 

 No need to optimize the weights of 
the moving average 

 The WMA module improves the accuracy of the 
predictions. 

RSM+ XSM   The XSM module renders this 
method the most accurate. 

 Best results for models with pauses 
in the schedule. 

 Need to optimize the exponential 
smoothing coefficient, which is not 
always possible at early stages of the 
project. 

 The XSM module renders this method the second most 
accurate. 

 Need to optimize the exponential smoothing coefficient, 
which is not always possible at early stages of the 
project. 

 

REDM   The risk-adjusted prediction gives 
significantly improved forecasts 
compared to the traditional EDM 
method. 

 The addition of the risk did not improve the forecasts. 
 The calculation of the EDAC with the formula proposed in 

this study improved the accuracy of the results 
significantly. 

REDM + 
XSM  

 The risk-adjusted prediction, in 
combination with the XSM module 
give significantly improved forecasts 
compared to the traditional EDM 
method. 

 The most accurate method. 
 Significant improvement of the traditional EDM by 

adding the XSM module, confirming previous research. 
 Need to optimize the exponential smoothing coefficient, 

which is not always possible at early stages of the 
project. 

Table 6.2 summarizes the merits and weaknesses for each of the methods examined for the cost metrics. 
All the proposed models add an exceptionally improved accuracy to the monthly and cost at completion 
forecasts, compared to the traditional EVM technique. This confirms that the addition of the risk is crucial 
for the successful budget monitoring and management. This is considered the most significant and 
innovative contribution of this study. From the suggested models, the RCM + XSM model was the most 
accurate, for almost all the projects tested. 

Table 6.2: Methods weaknesses and merits summary – cost metrics 

Method Monthly Cost Cost at Completion 
EVM  Not designed for monthly 

predictions.  
 Very inaccurate predictions. 

 Very inaccurate predictions. 
 The project risk is not considered. 

REVM  The risk-adjusted prediction 
improves the forecast compared 
to the traditional EVM. 

 The risk-adjusted prediction improves the forecast 
compared to the traditional EVM. 

RCM  The proposed model with the 
risk-adjusted prediction offers an 

 The proposed model with the risk-adjusted prediction 
offers an improved forecast compared to EVM.  
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Method Monthly Cost Cost at Completion 
improved forecast compared to 
EVM. 

 This model’s predictive accuracy is similar to the 
REVM. 

RCM + MA  The MA module does not offer 
any advantage compared to the 
RCM. 

 The MA module improves the forecast compared to 
the RCM when pauses occur in the project’s schedule. 

RCM + 
WMA 

 The WMA module does not offer 
any advantage compared to the 
RCM. 

 The WMA module has improved forecasts over the 
previous models for projects with pauses in the 
schedule. 

RCM + 
XSM  

 The risk-adjusted prediction in 
combination with the XSM 
module give significantly 
improved forecasts compared to 
all other methods. 

 Requires optimization of the 
smoothing coefficient constant. 

 The risk-adjusted prediction, in combination with the 
XSM module give significantly improved forecasts 
compared to all other methods. 

 This model dominates all others regardless if there is 
a scheduled or unplanned stop. 

 Requires optimization of the smoothing constant, 
which is not possible at the early stages of the 
project. 

Moreover, methods to calculate the monthly and total man-hours are proposed for the first time. This 
metric can help resources planning and identification of personnel shortages and surplus. The monthly 
man-hours predictions are calculated by the suggested models with adequate accuracy. The total man-
hours forecast is not as successful as the monthly equivalent. This is due to the volatile nature of the metric 
and the short time-intervals allowed to the model to adjust to the sudden changes of the real project 
execution rate. 

Summarizing the results from the previous tables, it is established that the proposed models offer better 
results than the ones existing in the literature. Moreover, the risk component is a “must-have” feature, 
in order to produce an accurate forecast, since the real dynamics of the project are taken into 
consideration. The calculation of the initial risk coefficient is rather easy to be achieved with the proposed 
risk assessment form. When real data are fed to the model, as the project progresses, the models calculate 
the risk coefficient automatically, by continuously tracking the variances from the target (schedule, budget 
or man-hours). Sensitivity assessment to the initial risk coefficient has been performed for all the metrics 
for which it is used. Table 6.3 summarizes the percentage of the projects for which the optimal method 
has changed, due to the change in the initial risk coefficient (used only for the first prediction) and the 
overall sensitivity outcome (for more details see Section 5.2.2). The models were found to be rather 
insensitive to the initial risk coefficient.  

Table 6.3: Risk coefficient sensitivity results summary 

Metric Sensitivity Outcome – RC 
decrease opt. Method change 

Sensitivity Outcome – RC 
decrease opt. Method change 

Sensitivity 
Outcome – Overall 

Monthly Schedule 33% 14% Moderate 
Monthly Cost 20% 9.5% Low 

Cost at Completion 38% 19% Moderate 
Monthly Man-hours 4% 4% Very Low 

The proposed methods for each metric are listed in Table 6.4. 
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Table 6.4: Proposed methods for each metric 

Forecasting module Suggested Methods 

Monthly schedule 
RSM + XSM 

RSM + WMA 

Schedule at completion 
REDM + XSM 
RSM + XSM 

Monthly cost RCM + XSM 
Cost at completion RCM+ XSM 

Monthly man-hours 
RMM + XSM 

RMM + WMA 
Man-hours at completion RMM 

A Decision Support System has also been developed and tested based on the project performance indices 
(DPI, PPI and CPI) and their combinations (DCI and PCI). The objective of this tool is to summarize the 
performance metrics of the project, allowing the project manager and the stakeholders to evaluate the 
project status at a glance. In addition, it offers insight to the project and it can assist the identification of 
tradeoffs between schedule planning and cost, in an effort to deliver a project timely and on budget. This 
DSS provided a solution to the secondary goal of this study. 

Concluding, the proposed models of this thesis, together with novel risk coefficients and easy-to-use 
forecasting methods, offer accurate forecasts in three dimensions (schedule, cost and personnel) in any 
desired time-interval. The response to the research question of this study is therefore positive. To provide 
a response to the secondary aim of this study, the developed models were combined with an innovative 
DSS, which identifies opportunities for improvement in the project execution phase. Therefore, an all-
around project performance system is offered, which is a useful tool for the project manager. Considering 
the project environment, the proposed modelling package can give an element of control and lead to 
successful project monitoring. This can initiate the required actions, leading to the desired project 
outcome. Although the unexpected project risks cannot always be prevented, following the project trend 
with the innovative models proposed, can help anticipation of the future of the project. This translates to 
significant savings of time and cost, which make the difference between a successful and a problematic 
project.  

6.2 Limitations and Recommendations for Future Work 

Although great attention was given to provide a complete and in-depth analysis when designing and 
testing the models, there is always room for improvement and further development. The limitations of 
this study have been identified and suggestions of how they can be addressed are presented below. 

The project data and the proceeded analysis were focused on hydraulic and environmental engineering 
projects. Further research on other type of engineering projects or other categories could reinforce the 
models validation. The limitation of testing the models only with hydraulic and environmental engineering 
projects is that the models might be successful only with projects of similar nature. Although, there are no 
models features that are specific for hydraulic and environmental engineering projects, testing the 
proposed models with other type of projects could reinforce models validation, confidence in the 
improved accuracy they offer and offer opportunities for improvement. The test data were representative 
of variable size hydraulic and environmental engineering projects. As there is no feature of the models 
that is engineering project specific, there is no limitation in the kind of projects it can be applied. The only 
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prerequisite to use the models is the availability of this initially planned schedule and budget for the whole 
project, or per activity, and recording of the actual values at the desired time-intervals. Such examples can 
be IT, archaeological, educational and laboratory projects. After the results have been obtained, 
clarification of the reasons why for some project metrics one model is outperforming the rest and in other 
metrics, there are three or more models of comparable performance, would be easier to identify. No 
specific pattern has been observed based on the type of project, i.e. hydraulic or environmental. The 
models were built to have global application in any type of project, even outside the engineering filed. To 
confirm this proposition, projects from other professional fields should be tested. 

The proposed models take into consideration the project risk. However, no risk mitigation suggestions are 
currently being offered. A recommendation for future work would be the combination of this study with 
risk mitigation and/resources optimization models to provide a full project cycle tool. In addition, the 
proposed models do not identify the root causes for delays/time savings or budget overrun/underspend. 
This could be a great feature, aiding recording of the “lessons learned” within the project team and 
improving internal processes. A recommendation is to create a more elaborate risk coefficient, by 
assigning additional weights per activity. Although this process will be more cost and time expensive, it 
can be used when some activities entail much more risk than others in the project. 

Great effort was given in this thesis to provide accurate forecasts for the coming project milestones or the 
project completion. However, confidence intervals for the forecasts have not been implemented. The 
models could be further developed to give predictions within chosen confidence intervals. 

Lead time for materials or components from suppliers can greatly affect project activities and completion 
time or cost. In this thesis, materials or components have not been modelled separately. A proposal for 
future work is to add the materials as separate project activities and consider them in the forecasting. 

According to the results presented in Section 4.1.2 the schedule at completion forecast was not improved 
by the risk coefficient. For this reason, a separate study is recommended to improve the risk-based 
adjustment for this metric. Additionally, the results presented in Section 4.1.6 indicate that the man-hours 
at completion forecast was relatively less accurate. For this reason, a separate study is recommended to 
improve this forecast.  

Although the proposed models where compared with the most popular methods namely EVM, ES and 
EDM, additional comparisons need to be performed with other forecasting models identified in chapter 2. 
The proposed models can be compared with other forecasting models proposed in the literature, to 
identify possibilities for improvement in project forecasting. Such comparisons require reproduction of the 
models proposed by other researchers. Therefore, it should be a part of a separate study. 

Moreover, to enable the ease-of-use of the developed models a creation of a friendly tool could be 
developed. By implementing the proposed models in Visual Basic, the project manager or any user could 
use the models in an automated fashion without having to elaborate in the Excel calculations. 

Finally, regarding the linear regression analysis Piñeiro et.al (2008), recommended to place the observed 
values in the y-axis (dependent variable) and the forecasted values in the x-axis (independent variable). 
This contradicts the common approach of placing the forecasted values in the y-axis, but it is suggested 
that it leads to valid results regarding the models verification. Repetition of the linear regression analysis 
of the 21 projects tested, with transposition of the observed and modeled values, can be performed and 
comparison of the results with those presented in Sections 5.1.1 to 5.1.6 can be made. This future work 
could shed light and possibly improve the models verification methods. 
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Appendix A – Risk Assessment Form 
 

1. Is this a new customer, or complicated customer? 
2. Complexity of international norms, internal customer specifications? 
3. Complex technical specifications, requirements for certification? 
4. Available resources for the project? 
5. R&D requirements? 
6. Transportation or specific site requirements? 
7. Penalties, liquidated damages? 
8. Environmental requirements, footprint or certification requirements? 
9. Open issues, deviations from customer specification? 
10. Delivery times, or budget restrictions? 
 
The user fills in the significance and probability for each question based on the following Likert scale: 
-5: very low 
-4: low 
-3: medium 
-2: high 
-1: very high 
 
Then, the Relative Importance Indices for significance and probability are calculated using equation (2-4). 
 
Finally, the risk coefficient is the product of the RII indices of significance and probability: 
 

RC = RIIS*RIIP 
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Appendix B – Model User Manual and Terminology 
Definitions and Concepts Developed 
The equations and concepts that were developed as part of the models are: 

The Program Performance Index (PPI) at a specified project milestone is calculated as the ratio of the Total 
Earned Duration (TED) to Actual Duration. This index resembles the DPI, proposed by Khamooshi and 
Golafshani (2014), but instead of projecting the TED to the TPD curve, it records the pace or the speed at 
which the project’s tasks are executed. The authors believe that the PPI is a useful index, easier to 
understand by the project managers and senior management compared to the SPI and the DPI. 
Furthermore, as it is presented in Chapters 4 and 5, it provides better forecasting results. The PPI is 
calculated as: 

 =  (B-1) 

o If 0 < PPI < 1, the project activities are executed slower than planned. 
o If PPI = 1, the project activities are executed as planned. 
o If PPI > 1, the project activities are executed faster than planned. 
 
The Predicted Actual Duration (PAD) at a specified project milestone is calculated as the Planned Duration 
(PD), for example for the next time-period (t+1), divided by the historic PPI (current time) and by the risk 
coefficient: 

 = ∗  (B-2) 

The addition of the risk-based adjustment coefficient in the traditional equation provides a more 
pragmatic prediction of the future project schedule performance. It also results to considerably improved 
accuracy, compared to the previously published models. The risk coefficient is calculated by equation (3-2). 
Similarly, PAD can be calculated for EDM using the DPIt instead of the PPIt. 
 
The Estimated Duration At Completion (EDAC) is calculated as: 

 = + (1 − % )  (B-3) 

By using equation (B-3), accurate predictions can be made, even when the project exceeds the planned 
date.  
 
The Predicted Cost of Work Performed (PCWP), for the whole project or for individual tasks at a specified 
project milestone, is calculated as the BCWP divided by the historic CPI and by the risk coefficient: 

 = ∗  (B-4) 

The addition of the risk coefficient in the traditional equation is introduced for the first time and offers a 
more pragmatic prediction of the future financial performance of the project. The risk coefficient is 
described later in this chapter and calculated by equation (3-2). Comparison to the results occurring from 
the equation without the risk, shows a remarkable improvement in the accuracy of the forecasted values.  
 
The Estimated budget At Completion (EAC), for the whole project or individual tasks, estimates the total 
cost for the entire project or an activity. It is calculated by adding the already incurred Actual Cost (AC) 
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and the remaining Budgeted cost At Completion (BAC) divided by the historic CPI and by the risk 
coefficient:  

 = + (1 − % )∗  (B-5) 

Similarly to the PCWP, the addition of the risk coefficient results to a realistic prediction of the total 
project/activity cost. When comparing with the results of the model without the risk coefficient, a 
remarkable improvement of the accuracy is noted.   

The Activity Progress Ratio (APR) is calculated as the actual API over the planned API. This ratio is also 
introduced for the first time and is used for the man-hours forecast. The equation used is: 

 =  (B-6) 

The Predicted Man-hours (PM) are calculated as the Scheduled Man-hours (SM) divided by the historic 
API ratio (current time) and by the risk coefficient: 

 = ∗  (B-7) 

User Manual 

Step 1 – Data Input: The planned schedule and cost data for the time-intervals, that the monitoring and 
forecasting is required, should be collected. For example, for a project that is planned to last one year and 
a forecast in monthly basis is required, the input data should include 12 entries for each task of the project 
and for each of the measures: duration, cost and man-hours. If the project is non-linear, the percentage 
complete is also required, to record the progress and calculate the indices. The user should also define the 
initial risk coefficient for cost, schedule and man-hours. The risk coefficient is between zero and one, if the 
project is at risk of underperforming; one, if the project is expected to be completed on schedule and 
budget; and greater than one, if the project is expected to be more efficient than scheduled. The risk 
coefficient is automatically adjusted every time new recorded data are added, to calibrate the model 
better for each project. Therefore, the initially estimated value only affects the first prediction (e.g. the 
first month for the example used above). A risk assessment form is provided, if the user has no previous 
experience and/or difficulty in defining the initial risk coefficient. The above values are the only initial input 
required by the user.   

Step 2 – Forecast Calculation: The model is calculating the PPI, DPI, CPI and APR indices for the requested 
time-periods. These periods can be in the past, in which case the historic indices are calculated, or in the 
future, when the forecast indices are calculated, considering the risk coefficient. The indices are then used 
in equations (B-2), (B-3), (B-4) and (B-7), to predict the duration, cost and man-hours at the next time-
steps up to project completion. For the first forecast, the initially estimated risk coefficient is used. For all 
other time-steps the previous forecast is compared to the actual recorded value. The adjusted risk 
coefficient is calculated by equation (3-2). The user should input the recorded values, when available, for 
the desired time-steps, to enable the model to calculate the statistical values. 

The exact procedure used for each forecast is detailed in the User Manual in the end of this section. A 
simplified example of the model calculations is shown in Table B.1. This project consists of three activities 
and it is planned to last eight months. The planned and actual durations for the tasks are recorded and act 
as inputs to the model. Each month, and for each activity, the API and ED are computed. When monitoring 
the entire project, the “AD for activities” row indicates how many tasks are executed in parallel. The 
“Actual cumulative” row shows the duration of all the tasks being executed. This is the parameter that the 
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monthly forecast is estimating. Moreover, for each month the ED and the PPI of the project are computed. 
The initial risk coefficient is 0.95 and is used to perform the first forecast for the next month’s duration. 
The forecast is then compared to the actual duration, when known, and the risk coefficient is adjusted for 
the next forecast. Finally, in the “EDAC” row, the total duration for the project is forecasted every month. 

Step 3 – Combined Indices: The DCI and PCI indices are calculated using equations (3-3) and (3-4) 
respectively. 

Step 4 – Thresholds Check: The DPI, PPI, CPI, DCI and PCI thresholds, below/above which the project is at 
risk, can be defined by the user. A color-coded comparison table uses the results from the previous time-
steps and the thresholds values, to illustrate if the project is at risk of overperforming or underperforming. 
The project manager can then act accordingly. 

 
Table B.1: Activities duration for a simple project (RSM) 

  Months Duration 

Activity Status / Metric 1 2 3 4 5 6 7 8   

Task 1 

Planned 1 1 1 1 1       5 
Actual 1 1 1 1 1 1 1 1 8 
API1 0.07 0.2 0.38 0.49 0.56 0.71 0.83 1  

ED1 0.4 1 1.9 2.4 2.8 3.6 4.2 5    

Task 2 

Planned 1 1 1           3 
Actual 1 1 1             
API2 0.25 0.625 1             
ED2 0.75 1.875 3           3 

Task 3 

Planned   1 1 1 1       4 
Actual   1 1 1 1 1 1 1 7 
API3 0 0.093 0.218 0.406 0.625 0.75 0.937 1   
ED3 0 0.375 0.875 1.625 2.5 3 3.75 4   

Total 

AT 1 2 3 4 5 6 7 8   
Planned 2 3 3 2 2         

Planned Cum. 2 5 8 10 12         
AD (activities ongoing) 2 3 3 2 2 2 2 2   

Actual cum. 2 5 8 10 12 14 16 18   
ED (t) 1.1 3.3 5.8 7.1 8.3 9.6 10.9 12   
PPIhist 1.1 1.6 1.9 1.8 1.7 1.6 1.6 1.5   
RCPPI 0.95 0.9 0.48 0.52 0.56 0.51 0.47 0.42   

ADpred (t+1) 4.8 5.4 10.9 13.2 12.9 14.7 16.5 18   
Diff. AD (pred-act) -0.1 -0.5 0.1 0.1 -0.1 -0.1 -0.1     

EDAC 4.5 4.5 4.6 5.4 6 6.7 7.2 8   

Detailed steps for the forecast calculations are provided below: 

Duration Forecast 

1. The user enters the planned durations for the project at the desired time-intervals, until the project 
completion. 

2. The user enters the recorded values for the first time-interval. 
3. The historic DPI (see Table 2.3) occurring from the first time-interval is calculated, as suggested by 

Khamooshi and Golafshani (2014). If the PPI indicator is used, the historic PPI is calculated according 
to (B-1). 

4. The first forecast is calculated by using equation (B-2)  and the initially estimated risk coefficient. 
5. The user adds the actual duration for the first time-step, when known. 
6. The adjusted risk coefficient is calculated based on the variance between the forecast and the 

recorded value for the current time-step, using equation (3-2). 
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7. The forecast for the next time-step is calculated by using equation (B-2) and the adjusted risk 
coefficient.  

8. The user adds the actual duration value for the next time-step, when known. 
9. The historic DPI is calculated, as suggested by Khamooshi and Golafshani (2014), and processed 

using one of the following three methods: The Moving Average method (MA), the Weighted Moving 
Average method (WMA), or the single eXponential Smoothing Method (XSM). Alternatively, the 
historic PPI is calculated and processed with the aforementioned forecasting methods. 

10. Steps 6, 7, 8 and 9 are repeated up to project completion. 
11. At any point the Estimated Duration At Completion can be forecasted with equation (B-3). 

 

Cost Forecast 

1. The user enters the planned costs for the project at the desired time-intervals until the project 
completion. 

2. The user enters the recorded values for the first time-interval. 
3. The historic CPI occurring from the first time-interval is calculated, as suggested by Anbari (2003). 
4. The first forecast is calculated by using equation (B-4) and the initially estimated risk coefficient. 
5. The user adds the actual cost for the first time-step, when known. 
6. The adjusted risk coefficient is calculated based on the variance between the forecast and the 

recorded value for the current time-step using equation (3-2). 
7. The forecast for the next time-step is calculated by using equation (B-4) and the adjusted risk 

coefficient. 
8. The user adds the actual value for the next time-step, when known. 
9. The historic CPI is calculated, as suggested by Anbari (2003), and processed using one of the 

following three methods: The Moving Average method (MA), the Weighted Moving Average 
method (WMA), or the single eXponential Smoothing Method (XSM). 

10. Steps 6, 7, 8 and 9 are repeated up to project completion. 
11. At any point the Estimated cost At Completion can be forecasted with equation (B-5). 

 
Man-Hours Forecast 

1. The user enters the planned durations for the project at the desired time-intervals until the project 
completion. 

2. The user enters the recorded values for the first time-interval. 
3. The planned and actual APIs are calculated, as suggested by Khamooshi and Golafshani (2014). 
4. The historic APR is calculated using equation (B-6). 
5. The first forecast is calculated by using equation (B-7) and the initially estimated risk coefficient. 
6. The user adds the actual man-hours for the first time-step, when known. 
7. The adjusted risk coefficient is calculated based on the variance between the forecast and the 

recorded value for the current time-step, using equation (3-2). 
8. The forecast for the next time-step is calculated by using equation (B-7) and the adjusted risk 

coefficient. 
9. The user adds the actual value for the next time-step when known. 
10. The historic planned and actual APIs are calculated, as suggested by Khamooshi and Golafshani 

(2014).  
11. APR is calculated and processed using one of the following three methods: The Moving Average 

method (MA), the Weighted Moving Average method (WMA), or the single eXponential Smoothing 
Method (XSM). 

12. Steps 7, 8, 9, 10 and 11 are repeated up to project completion. 
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Statistical Methods Used in the Models 
The following statistical methods have been used: 

The Moving Average (MA) and Weighted Moving Average (WMA) methods have been employed for more 
accurate duration, cost and man-hours predictions. Instead of calculating the equations by using the index 
(PPI, DPI, CPI or APR) of the previous time-period (step), a statistically calculated index can be used. The 
above methods were applied on the PPI, DPI, CPI and APR for schedule, cost and man-hours predictions 
respectively. The MA uses results from past indices to forecast the next period’s index. The formula for 
the MA method is (Keat et al., 2014): 

 = ( + + ⋯+ )/  (B-15) 

where Ft+1 is the forecast for the next period, Xt are the actual values at the respective time and N is the 
number of observations in the average. If weights are applied to each actual value, the WMA can be 
calculated. The advantage of the WMA is that it treats recent observations as more significant (Andersson 
et al., 2016). The formula used is: 

  = + + ⋯+∑  (B-8) 

where w1…wn are the applied weights. The above statistical methods were applied to the historical indices 
values. For the MA and the WMA, a three-period average was also used. The weights applied, from the 
older to the most recent prediction, are w1 = 0.1, w2 = 0.3, w3 = 0.6. In this way, more emphasis is given to 
the last month to make the prediction. These weights can be changed and adjusted to the project’s needs, 
when more information on the project performance is available. 

The single eXponential Smoothing Method (XSM) has also been tested, for the first time, in conjunction 
with the risk coefficient. The XSM also assigns higher weights to recent observations and lower weights to 
older observations. The single XSM formula is (Keat et al., 2014): 

 = + (1 − )  (B-9) 

where w is the assigned smoothing constant and 0 ≤ w ≤ 1. The results showed that the addition of the 
risk coefficient to the XSM leads to a more reliable forecast. The limitation of this method is the selection 
of the smoothing constant w, which is project specific. Khamooshi and Abdi (2017) proposed using a 
smoothing constant in the range of 0.1 ≤ w ≤ 0.3. Nevertheless, its value can be estimated with higher 
accuracy when some data of the project’s previous performance become available. Optimization is 
possible by testing various values for the smoothing parameter and by choosing the one that provides 
predictions closest to the recorded data. This trial-and-error approach is more time-consuming than the 
MA and the WMA methods. Yet, as it is presented in Chapters 4 and 5 it offers more accurate results. 
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Appendix C – Baseline Results 
Table C.1: Error summary for the monthly schedule 

Schedule Monthly RMSE / MAPE (%) per Project No (#) 
Project 
No (#) Method ES EDM RSM RSM + 

MA 
RSM + 
WMA 

RSM + 
XSM  REDM  REDM

+ MA  
REDM + 
WMA  

REDM
+ XSM  Min 

1 RMSE 19.4 15.0 6.1 1.5 1.5 1.3 2.9 2.9 2.9 3.1 1.3 
MAPE (%) 179.6 116.6 12.2 11.8 12.0 11.0 28.2 28.0 28.1 30.5 11.0 

2 RMSE 26.1 19.9 1.4 1.4 1.2 1.8 1.4 1.6 1.4 2.2 1.2 
MAPE (%) 86.5 73.2 12.3 12.6 11.3 16.8 12.4 13.6 12.5 18.4 11.3 

3 RMSE 17.3 14.9 1.6 1.5 1.5 1.4 1.7 1.8 1.7 1.5 1.4 
MAPE (%) 53.2 142.5 8.0 6.8 6.6 6.0 8.2 8.4 8.1 6.6 6.0 

4 RMSE 11.7 9.0 1.1 0.9 0.8 1.5 1.0 1.3 1.2 1.0 0.8 
MAPE (%) 36.7 148.5 7.9 6.7 6.3 6.6 7.3 8.6 7.9 6.3 6.3 

5 RMSE 16.8 15.2 1.4 1.3 1.2 1.2 1.5 1.5 1.4 1.2 1.2 
MAPE (%) 66.6 139.2 9.9 9.3 8.3 8.1 10.7 9.9 9.7 8.1 8.1 

6 RMSE 6.9 7.5 1.6 1.5 1.5 1.8 1.6 10.0 1.6 1.8 1.5 
MAPE (%) 43.4 131.7 17.1 16.7 16.4 23.9 17.1 18.9 17.3 23.9 16.4 

7 RMSE 8.0 6.0 1.2 1.1 1.1 1.0 1.1 1.1 1.1 1.0 1.0 
MAPE (%) 36.1 159.0 6.4 5.7 5.5 4.1 7.1 6.5 6.2 4.1 4.1 

8 RMSE 2.3 2.8 1.5 0.9 0.8 1.1 1.4 1.1 0.9 1.0 0.8 
MAPE (%) 16.0 127.0 8.8 5.5 5.0 8.6 9.0 6.3 5.5 7.7 5.0 

9 RMSE 20.0 19.3 1.9 1.6 1.6 1.5 1.6 1.5 1.5 1.5 1.5 
MAPE (%) 60.0 131.5 12.2 10.4 10.7 5.3 10.4 9.5 9.6 5.3 5.3 

10 RMSE 3.3 3.8 1.5 1.7 1.3 0.4 5.2 4.4 4.4 1.5 0.4 
MAPE (%) 29.0 140.1 11.1 11.7 9.5 3.2 38.4 31.9 32.8 8.7 3.2 

11 RMSE 12.8 11.3 2.9 2.8 2.7 3.4 2.9 2.8 2.7 3.4 2.7 
MAPE (%) 103.8 105.4 41.1 39.7 38.7 47.0 41.1 39.8 38.7 47.0 38.7 

12 RMSE 16.1 12.1 0.8 1.2 0.8 0.8 0.9 1.2 1.1 1.2 0.8 
MAPE (%) 57.5 130.3 8.2 10.1 7.6 9.6 9.0 10.0 8.8 10.7 7.6 

13 RMSE 14.8 14.2 1.1 1.1 1.2 1.1 1.2 1.1 1.2 1.2 1.1 
MAPE (%) 57.0 114.4 11.8 12.4 12.6 13.9 12.6 12.3 12.8 13.9 11.8 

14 RMSE 8.4 9.5 1.5 1.5 1.6 1.5 1.5 1.5 1.6 1.5 1.5 
MAPE (%) 52.2 146.3 15.4 15.3 16.0 15.9 15.4 15.3 16.0 15.9 15.3 

15 RMSE 6.9 6.9 1.2 1.2 1.1 1.0 1.2 1.4 1.1 1.4 1.0 
MAPE (%) 38.0 121.9 10.6 10.2 9.7 10.3 11.1 10.9 10.1 11.9 9.7 

16 RMSE 21.9 14.6 1.6 1.5 1.5 1.6 1.6 1.4 1.4 1.5 1.4 
MAPE (%) 78.0 121.8 16.0 15.5 15.3 16.1 16.3 15.1 15.1 15.9 15.1 

17 RMSE 23.3 8.4 0.5 0.8 0.5 1.2 1.3 1.9 1.8 1.8 0.5 
MAPE (%) 181.4 126.2 3.0 4.2 2.9 3.9 9.9 12.6 12.7 12.2 2.9 

18 RMSE 19.9 14.3 2.3 2.2 2.2 2.6 4.9 5.0 5.0 6.0 2.2 
MAPE (%) 188.5 109.4 18.7 18.1 18.8 25.8 44.1 46.5 44.6 59.6 18.1 

19 RMSE 3.4 3.9 1.4 1.5 1.1 0.1 2.1 1.8 1.9 1.9 0.1 
MAPE (%) 30.7 112.7 11.4 10.0 8.0 0.9 19.8 15.5 18.0 17.8 0.9 

20 RMSE 9.7 7.4 0.8 1.5 1.5 1.6 2.5 2.8 2.8 2.9 0.8 
MAPE (%) 113.1 108.3 8.1 10.9 11.2 11.1 32.2 35.1 35.4 35.1 8.1 

21 RMSE 3.0 1.7 1.3 1.6 1.2 0.9 1.4 1.2 1.1 2.2 0.9 
MAPE (%) 35.0 118.1 11.5 12.6 10.2 6.6 15.1 13.0 11.8 19.6 6.6 

Total No of Project 
giving the more 
accurate prediction 
per method 

0 0 1 1 7 8 0 1 0 3 21 
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Table C.2: Error summary for the schedule at completion 

Schedule at Completion RMSE / MAPE (%) per Project No (#) 
Project 
No (#) Method ES EDM RSM 

model 
RSM 
+ MA 

RSM + 
WMA 

RSM + 
XSM  REDM  REDM

+MA  
REDM+
WMA  

REDM
+ XSM  Min 

1 RMSE 18.9 6.0 7.4 7.0 7.1 5.1 6.7 6.5 6.6 7.1 5.1 
MAPE (%) 49.1 21.0 28.3 27.2 27.3 19.6 25.1 24.1 24.5 26.2 19.6 

2 RMSE 6.5 4.2 4.9 4.7 4.8 3.7 4.5 4.1 4.3 3.2 3.2 
MAPE (%) 18.5 10.4 14.7 13.9 14.3 10.3 12.0 10.8 11.4 8.6 8.6 

3 RMSE 5.9 6.0 6.7 7.1 7.0 6.9 5.3 5.9 5.7 5.7 5.3 
MAPE (%) 13.6 12.8 19.9 21.2 20.8 20.6 11.7 12.7 12.4 12.3 11.7 

4 RMSE 6.9 6.8 7.5 7.7 7.6 6.7 5.4 6.2 6.0 5.8 5.4 
MAPE (%) 17.4 17.7 23.5 24.0 23.8 21.1 13.6 16.2 15.6 15.6 13.6 

5 RMSE 4.2 3.9 4.1 3.9 4.0 2.0 3.8 3.4 3.6 2.0 2.0 
MAPE (%) 13.7 12.8 14.2 13.4 13.8 7.2 12.7 11.7 12.2 7.2 7.2 

6 RMSE 6.6 5.5 5.0 5.0 5.1 2.4 4.1 4.4 4.4 2.3 2.3 
MAPE (%) 19.8 17.1 18.3 18.3 18.6 8.1 12.6 14.4 14.2 8.2 8.1 

7 RMSE 4.8 4.1 4.0 4.2 4.1 4.3 4.4 4.3 4.3 3.7 3.7 
MAPE (%) 17.0 12.7 13.3 14.1 13.7 16.2 14.8 14.8 15.0 12.2 12.2 

8 RMSE 6.6 5.7 5.1 5.2 5.1 5.2 4.8 5.0 4.9 5.0 4.8 
MAPE (%) 27.3 22.4 21.6 22.2 21.9 22.1 19.5 20.8 20.5 21.0 19.5 

9 RMSE 5.8 6.3 7.4 7.6 7.6 4.4 5.8 6.1 6.1 4.4 4.4 
MAPE (%) 13.1 14.3 19.5 20.1 19.9 10.9 13.4 14.3 14.1 10.9 10.9 

10 RMSE 3.3 3.5 4.0 4.3 4.2 5.3 3.2 3.5 3.4 4.5 3.2 
MAPE (%) 13.9 15.7 22.0 23.6 22.9 31.4 13.8 16.2 14.9 24.1 13.8 

11 RMSE 8.3 8.2 8.8 8.3 8.2 10.6 8.4 8.1 8.0 10.4 8.0 
MAPE (%) 23.3 21.2 30.4 28.3 28.3 36.0 25.0 25.8 24.7 33.0 21.2 

12 RMSE 4.6 3.6 3.5 3.4 3.5 2.4 4.6 4.3 4.4 3.0 2.4 
MAPE (%) 12.1 9.8 10.4 10.0 10.0 7.3 13.6 13.0 13.3 8.9 7.3 

13 RMSE 7.7 6.2 7.3 6.6 6.8 5.8 5.7 5.1 5.3 3.9 3.9 
MAPE (%) 19.5 14.7 19.5 18.3 18.6 17.0 14.4 13.5 13.8 10.8 10.8 

14 RMSE 6.0 4.8 6.0 5.2 5.3 4.7 5.1 4.6 4.7 4.3 4.3 
MAPE (%) 23.9 19.0 24.7 19.8 20.7 17.9 20.9 17.2 17.9 16.2 16.2 

15 RMSE 5.3 4.8 4.9 4.7 4.8 3.1 3.6 3.8 3.7 3.1 3.1 
MAPE (%) 20.2 18.1 18.6 18.4 18.3 12.7 12.4 13.4 12.9 12.3 12.3 

16 RMSE 7.0 3.7 4.1 3.8 3.9 4.3 5.9 5.3 5.5 5.6 3.7 
MAPE (%) 18.8 7.9 10.4 9.1 9.5 9.6 14.9 13.6 13.9 14.1 7.9 

17 RMSE 28.4 1.7 5.5 5.3 5.4 4.3 2.4 2.2 2.3 2.1 1.7 
MAPE (%) 71.9 8.8 28.5 27.4 27.8 22.0 11.7 11.0 11.4 9.8 8.8 

18 RMSE 30.7 7.3 4.8 4.6 4.8 2.3 7.6 7.6 7.5 13.4 2.3 
MAPE (%) 43.1 13.2 18.4 18.0 18.5 7.9 18.0 18.7 17.7 48.7 7.9 

19 RMSE 0.8 0.8 2.7 2.7 2.7 2.1 0.6 0.7 0.7 0.7 0.6 
MAPE (%) 7.7 6.6 26.8 26.8 27.0 20.6 6.0 6.7 6.9 6.1 6.0 

20 RMSE 4.9 2.8 1.1 1.1 1.1 1.0 2.8 2.9 2.9 2.9 1.0 
MAPE (%) 47.2 27.9 9.3 8.8 8.8 7.9 28.4 28.9 29.0 29.5 7.9 

21 RMSE 3.0 1.2 1.9 1.8 1.8 1.3 1.6 1.6 1.5 1.9 1.2 
MAPE (%) 21.1 8.9 19.7 18.6 19.2 12.7 14.2 14.5 13.9 16.9 8.9 

Total No of Project 
giving the more 
accurate prediction 
per method 

0 3 0 0 0 6 5 0 0 7 21 
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Table C.3: Error summary for the monthly cost 

Monthly Cost RMSE / MAPE (%) per Project No (#) 

Project No (#) Method EVM RCM 
model 

RCM + 
MA 

RCM + 
WMA 

RCM + 
XSM  REVM  Min 

1 RMSE 461.4 511.6 688.9 570.2 160.5 511.6 160.5 
MAPE (%) 4.4 5.6 6.0 5.5 2.8 5.6 2.8 

2 RMSE 3458.7 1175.4 1210.4 1178.5 732.0 1176.1 732.0 
MAPE (%) 45.3 14.9 14.3 14.1 12.0 14.9 12.0 

3 RMSE 1623.2 301.7 321.0 317.5 147.0 294.9 147.0 
MAPE (%) 9.4 25.7 25.7 25.7 25.7 2.1 2.1 

4 RMSE 2228.3 829.0 1129.4 1057.4 497.2 825.6 497.2 
MAPE (%) 16.1 7.1 7.5 7.4 5.3 7.1 5.3 

5 RMSE 541.7 426.7 457.9 453.2 106.0 426.7 106.0 
MAPE (%) 7.1 2.5 2.6 2.6 1.8 2.5 1.8 

6 RMSE 812.3 384.7 431.7 405.7 210.5 384.7 210.5 
MAPE (%) 9.8 5.8 5.7 5.6 4.0 5.8 4.0 

7 RMSE 2453.5 1214.6 956.5 986.2 100.1 1213.4 100.1 
MAPE (%) 16.5 3.9 3.6 3.7 2.3 3.9 2.3 

8 RMSE 1510.4 255.5 227.2 234.3 117.3 255.5 117.3 
MAPE (%) 13.7 3.1 3.0 3.0 2.3 3.1 2.3 

9 RMSE 2718.7 735.7 709.5 715.4 261.1 713.8 261.1 
MAPE (%) 18.2 5.0 5.1 5.0 3.0 4.9 3.0 

10 RMSE 1521.0 539.9 465.2 481.3 429.1 539.9 429.1 
MAPE (%) 5.8 2.0 1.8 1.8 1.7 2.0 1.7 

11 RMSE 9489.2 1202.7 1047.5 1086.9 786.2 1202.7 786.2 
MAPE (%) 70.9 14.7 13.9 14.1 12.3 14.7 12.3 

12 RMSE 2195.3 878.7 825.3 855.3 454.0 878.7 454.0 
MAPE (%) 35.8 10.9 11.0 10.8 8.2 10.9 8.2 

13 RMSE 8017.8 2293.7 2270.3 3118.7 1600.5 2293.7 1600.5 
MAPE (%) 43.7 20.4 23.0 26.1 19.1 20.4 19.1 

14 RMSE 1439.4 1076.9 868.3 1016.5 174.1 1076.9 174.1 
MAPE (%) 10.6 4.4 4.4 4.5 3.2 4.4 3.2 

15 RMSE 2677.6 1070.5 1024.8 1043.0 598.4 1070.5 598.4 
MAPE (%) 35.0 10.3 10.9 10.8 8.2 10.3 8.2 

16 RMSE 4319.8 984.2 948.3 963.5 199.2 982.8 199.2 
MAPE (%) 69.9 10.2 10.8 10.6 8.4 10.2 8.4 

17 RMSE 3231.7 2259.8 4579.6 3317.0 632.8 2259.8 632.8 
MAPE (%) 12.1 11.8 16.1 13.6 6.3 11.8 6.3 

18 RMSE 4710.2 784.0 850.9 768.1 961.9 781.2 768.1 
MAPE (%) 26.9 8.0 9.1 8.2 9.6 8.0 8.0 

19 RMSE 247.5 89.4 91.1 89.8 86.1 89.4 86.1 
MAPE (%) 1.4 0.8 0.9 0.8 0.8 0.8 0.8 

20 RMSE 436.8 281.0 263.8 269.2 216.4 281.0 216.4 
MAPE (%) 6.1 4.2 3.9 3.9 2.9 4.2 2.9 

21 RMSE 3780.4 1370.4 603.6 688.6 597.6 1370.4 597.6 
MAPE (%) 18.3 6.8 4.9 5.2 4.9 6.8 4.9 

Total No of Project giving the 
more accurate prediction per 
method 

0 0 0 0 21 0 21 
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Table C.4: Error summary for the cost at completion 

Cost at Completion RMSE / MAPE (%) per Project No (#) 
Project No 

(#) Method EVM RCM 
model 

RCM + 
MA 

RCM + 
WMA 

RCM + 
XSM  REVM  Min 

1 RMSE 4270.8 6381.6 6394.5 6329.1 3959.6 6381.6 3959.6 
MAPE (%) 4.2 5.9 6.3 5.9 3.1 5.9 3.1 

2 RMSE 65943.7 33256.5 32909.9 32954.8 32452.8 33256.3 32452.8 
MAPE (%) 41.4 14.0 13.9 13.8 11.8 14.0 11.8 

3 RMSE 107893.1 4472.8 4386.4 4404.8 4317.6 4472.2 4317.6 
MAPE (%) 9.4 25.3 25.3 25.3 25.3 2.1 2.1 

4 RMSE 24118.0 15767.7 15523.4 15584.2 14973.6 15767.3 14973.6 
MAPE (%) 16.3 7.3 7.6 7.6 5.4 7.3 5.4 

5 RMSE 5790.2 3398.5 3224.0 3259.4 3096.8 3398.5 3096.8 
MAPE (%) 7.2 2.6 2.7 2.7 1.8 2.6 1.8 

6 RMSE 8410.3 6137.9 5889.6 5938.4 5737.2 6137.9 5737.2 
MAPE (%) 10.4 6.1 5.9 5.8 4.4 6.1 4.4 

7 RMSE 11185.8 3993.5 3786.4 3803.4 3568.1 3993.1 3568.1 
MAPE (%) 16.4 3.9 3.6 3.6 2.3 3.9 2.3 

8 RMSE 4030.0 1955.2 1944.1 1947.0 1916.7 1955.2 1916.7 
MAPE (%) 13.4 3.5 3.4 3.4 2.7 3.5 2.7 

9 RMSE 14590.2 8029.7 7437.5 7549.2 6639.1 8025.1 6639.1 
MAPE (%) 18.0 4.8 5.0 4.9 3.0 4.8 3.0 

10 RMSE 5011.3 3650.4 3627.6 3627.7 3626.8 3650.4 3626.8 
MAPE (%) 5.6 2.0 1.9 1.8 1.6 2.0 1.6 

11 RMSE 23386.0 9389.8 9339.6 9349.2 9283.8 9389.8 9283.8 
MAPE (%) 68.0 15.0 14.3 14.5 12.6 15.0 12.6 

12 RMSE 28914.4 13747.6 13480.7 13549.2 13342.6 13747.6 13342.6 
MAPE (%) 37.7 11.8 10.5 10.7 9.2 11.8 9.2 

13 RMSE 54926.1 37257.0 36995.6 37943.1 36558.2 37257.0 36558.2 
MAPE (%) 44.1 20.8 23.4 26.5 19.5 20.8 19.5 

14 RMSE 9694.7 5779.5 5449.4 5519.6 5326.8 5779.5 5326.8 
MAPE (%) 9.9 4.4 4.5 4.5 3.2 4.4 3.2 

15 RMSE 19583.0 9537.0 9413.9 9440.3 9225.3 9537.0 9225.3 
MAPE (%) 34.5 10.1 10.7 10.6 8.1 10.1 8.1 

16 RMSE 31363.8 10404.9 10288.3 10323.3 10091.5 10404.7 10091.5 
MAPE (%) 67.3 10.0 10.6 10.5 8.3 10.0 8.3 

17 RMSE 28928.1 29108.2 40287.9 34549.6 23652.2 29108.2 23652.2 
MAPE (%) 12.0 11.8 16.0 13.5 6.2 11.8 6.2 

18 RMSE 15406.6 13013.8 13162.4 13029.3 13772.1 13013.7 13013.7 
MAPE (%) 27.6 8.3 9.3 8.4 10.3 8.3 8.3 

19 RMSE 351.3 485.6 486.0 485.4 488.0 485.6 351.3 
MAPE (%) 1.3 0.9 1.0 0.9 0.9 0.9 0.9 

20 RMSE 1486.2 1377.2 1353.5 1357.3 1309.3 1377.2 1309.3 
MAPE (%) 5.6 4.1 3.7 3.7 2.7 4.1 2.7 

21 RMSE 9513.8 4333.6 4061.5 4077.9 4211.9 4333.6 4061.5 
MAPE (%) 18.3 6.9 5.0 5.3 5.0 6.9 5.0 

Total No of Project giving 
the more accurate 
prediction per method 

0 0 0 1 19 1 21 
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Table C.5: Error summary for the monthly man-hours 

Monthly Man-hours RMSE / MAPE (%) per Project No (#) 
Project No (#) Method RMM RMM + MA RMM + WMA RMM + XSM  Min 

1 RMSE 127.5 126.3 125.7 132.9 125.7 
MAPE (%) 94.8 94.9 94.7 103.7 94.7 

2 RMSE 373.6 261.5 276.2 229.0 229.0 
MAPE (%) 239.7 173.6 184.7 165.0 165.0 

3 RMSE 2492.3 1181.9 1344.5 928.6 928.6 
MAPE (%) 966.8 466.4 530.5 381.5 381.5 

4 RMSE 795.5 359.2 400.0 302.2 302.2 
MAPE (%) 191.5 112.1 119.0 99.6 99.6 

5 RMSE 158.1 99.3 106.6 72.4 72.4 
MAPE (%) 123.1 69.3 78.7 50.5 50.5 

6 RMSE 142.2 96.0 94.9 75.6 75.6 
MAPE (%) 57.0 42.1 42.0 35.0 35.0 

7 RMSE 118.0 98.5 100.4 84.0 84.0 
MAPE (%) 91.9 59.7 66.0 41.5 41.5 

8 RMSE 148.6 87.3 65.9 67.2 65.9 
MAPE (%) 41.1 30.4 28.4 28.9 28.4 

9 RMSE 213.2 165.1 171.1 151.5 151.5 
MAPE (%) 90.1 70.1 72.8 69.7 69.7 

10 RMSE 127.5 409.5 409.5 409.5 127.5 
MAPE (%) 20.2 20.2 20.2 20.2 20.2 

11 RMSE 171.9 160.3 162.6 203.3 160.3 
MAPE (%) 145.5 142.7 143.5 179.1 142.7 

12 RMSE 272.6 134.5 152.1 82.5 82.5 
MAPE (%) 155.4 73.7 83.1 38.4 38.4 

13 RMSE 100.5 99.8 98.6 92.6 92.6 
MAPE (%) 14.1 13.5 13.6 13.2 13.2 

14 RMSE 273.9 189.2 181.1 122.0 122.0 
MAPE (%) 241.0 159.2 164.6 116.2 116.2 

15 RMSE 114.4 76.4 81.7 56.5 56.5 
MAPE (%) 78.4 49.0 54.6 37.4 37.4 

16 RMSE 94.3 69.4 73.1 64.5 64.5 
MAPE (%) 79.1 59.8 62.5 51.8 51.8 

17 RMSE 267.6 316.6 296.9 322.7 267.6 
MAPE (%) 121.4 124.0 123.1 125.0 121.4 

18 RMSE 175.0 174.3 174.1 204.9 174.1 
MAPE (%) 92.1 92.1 91.3 109.4 91.3 

19 RMSE 105.8 106.3 105.7 115.7 105.7 
MAPE (%) 50.2 51.0 50.0 56.3 50.0 

20 RMSE 235.6 233.1 232.9 234.0 232.9 
MAPE (%) 183.4 182.6 182.4 182.6 182.4 

21 RMSE 170.2 167.9 169.8 188.6 167.9 
MAPE (%) 73.4 72.9 72.8 82.2 72.8 

Total No of Project giving the more 
accurate prediction per method 2 2 6 11 21 
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Table C.6: Error summary for man-hours at completion 

Man-hours at Completion RMSE / MAPE (%) per Project No (#) 
Project No (#) Method RMM RMM + MA RMM + WMA RMM + XSM  Min 

1 RMSE 306.9 311.6 311.3 312.0 306.9 
MAPE (%) 14.1 13.9 13.9 13.9 13.9 

2 RMSE 971.3 979.5 973.5 1035.5 971.3 
MAPE (%) 41.7 42.3 42.0 44.9 41.7 

3 RMSE 3829.3 2239.0 2339.5 1610.6 1610.6 
MAPE (%) 101.9 56.1 63.3 45.4 45.4 

4 RMSE 1157.4 798.5 790.9 1099.9 790.9 
MAPE (%) 38.7 29.0 27.6 32.6 27.6 

5 RMSE 283.2 365.7 357.3 344.2 283.2 
MAPE (%) 23.5 32.7 32.3 27.5 23.5 

6 RMSE 327.8 329.4 332.7 341.8 327.8 
MAPE (%) 29.3 30.2 30.8 31.0 29.3 

7 RMSE 397.9 438.9 433.6 445.9 397.9 
MAPE (%) 28.1 30.9 31.1 30.3 28.1 

8 RMSE 298.3 354.4 361.7 363.0 298.3 
MAPE (%) 33.2 31.7 31.7 31.5 31.5 

9 RMSE 922.2 836.9 833.7 1094.4 833.7 
MAPE (%) 41.4 36.1 35.5 39.1 35.5 

10 RMSE 280.0 280.0 280.0 280.0 280.0 
MAPE (%) 5.3 5.3 5.3 5.3 5.3 

11 RMSE 1030.5 1027.6 1027.5 1112.1 1027.5 
MAPE (%) 71.1 66.5 66.0 78.3 66.0 

12 RMSE 670.7 490.4 485.5 522.8 485.5 
MAPE (%) 39.8 30.0 29.0 33.1 29.0 

13 RMSE 498.6 497.6 504.1 513.5 497.6 
MAPE (%) 101.9 56.1 63.3 45.4 45.4 

14 RMSE 439.4 443.2 436.9 437.0 436.9 
MAPE (%) 25.1 25.5 26.1 24.9 24.9 

15 RMSE 214.7 229.2 226.2 220.2 214.7 
MAPE (%) 25.0 27.8 27.6 25.7 25.0 

16 RMSE 474.0 487.3 484.1 504.3 474.0 
MAPE (%) 28.2 30.6 30.3 32.2 28.2 

17 RMSE 813.4 812.4 816.9 787.6 787.6 
MAPE (%) 21.5 21.0 21.3 19.1 19.1 

18 RMSE 968.6 967.3 967.6 1043.8 967.3 
MAPE (%) 49.6 48.3 48.9 57.0 48.3 

19 RMSE 164.0 163.5 163.8 163.1 163.1 
MAPE (%) 18.4 18.1 18.1 18.6 18.1 

20 RMSE 295.2 295.9 295.7 298.7 295.2 
MAPE (%) 38.1 37.6 37.4 39.0 37.4 

21 RMSE 329.5 327.1 329.0 319.8 319.8 
MAPE (%) 22.0 96.3 96.3 96.3 22.0 

Total No of Project giving the more 
accurate prediction per method 10 2 6 3 21 

 

 


