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Abstract—In this paper, based on the past project cost and time 

performance, a model for forecasting project cost performance is 
developed. This study presents a probabilistic project control concept 
to assure an acceptable forecast of project cost performance. In this 
concept project activities are classified into sub-groups entitled 
control accounts. Then obtain the Stochastic S-Curve (SS-Curve), for 
each sub-group and the project SS-Curve is obtained by summing 
sub-groups’ SS-Curves. In this model, project cost uncertainties are 
considered through Beta distribution functions of the project 
activities costs required to complete the project at every selected time 
sections through project accomplishment, which are extracted from a 
variety of sources. Based on this model, after a percentage of the 
project progress, the project performance is measured via Earned 
Value Management to adjust the primary cost probability distribution 
functions. Then, accordingly the future project cost performance is 
predicted by using the Monte-Carlo simulation method. 
 

Keywords—Monte Carlo method, Probabilistic model, Project 
forecasting, Stochastic S-curve 

I. INTRODUCTION 
ORECASTING is an essential element of project 
management throughout the life cycle of a project. Once a 

project gets started, reliable forecasts are critical because even 
with a detailed plan, there are inherent risk factors that may 
influence the actual performance of a project. As a result, the 
project manager constantly seeks leading indicators for 
potential problems so that appropriate actions can be taken in 
a timely manner. That is, a current deviation from the plan 
serves as an early indicator of potential deviation of the 
project duration and cost at completion from objectives of the 
project.  

When controlling project performance, it is important not 
only to monitor cost and time variances for actual project 
progress, but also to properly establish the actual project status 
based on objective predictions (forecasts) of final project 
performance. Such forecasts are necessary for the project 
manager to determine if corrective actions are required to 
minimize the expected variances from planned performance. 

Estimate of both final cost and duration values can be made  
through two different approaches: deterministic and 
probabilistic. The deterministic approach estimates final cost 
and project duration according to the most likely cost and 
duration values for each activity. The probabilistic approach 
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estimates the planned cost and duration values based on the 
variability of cost and duration inherent in each of the project 
activities [1]. 

The ultimate goal of project performance forecasting is to 
provide decision makers with objective and refined forecasts 
in a timely manner. However, actual performance data, which 
are probably the most objective and reliable source of 
predictive performance information, are limited early in the 
project. Therefore, a major challenge in project performance 
forecasting is to make use of subjective judgment or prior 
knowledge to overcome the lack of measured performance 
data to work during the early phase of a project [2]. 

The purpose of this paper is to develop a method to use a 
probabilistic model to determine project performance and a 
probabilistic project control concept to assure an acceptable 
forecast of project performance in terms of not exceeding 
planned budget and schedule risk levels. An application of the 
developed method to an example project is also presented. 

II. PROJECT PERFORMANCE MEASUREMENT APPROACHES  
Performance monitoring methods are classified in two 

types: (1) Progress Based S-Curve; and (2) Time Based S-
Curve. 

In the Progress Based S-Curve, progress is most often 
measured in terms of the amount of work completed, rather 
than in the time expended to complete the work. The 
independent variable could be the planned percentage of 
accomplished work (progress), because it depends only on the 
project scope (same for actual and for planned performance); 
and project time and cost could be treated as progress-
dependent variable - usually different for actual and planned 
performance [3]. 

The Integrated Cost/Schedule/Work and the Earned Value 
Management (EVM) are classified as time-based S-curves 
(TB-S-curves), because time is treated as an independent 
variable, and cost and progress are treated as time-dependent 
variables. In the integrated method both of the cumulative cost 
and the progress, as time progress, are represented in one 
graph. The accomplished work (progress) is measured based 
on the budget which is in turn measured as cost, labor-hours, 
or physical quantity of work [4]. 

Earned Value Management (EVM) is a methodology used 
to measure and communicate the real physical progress of a 
project and to integrate the three critical elements of project 
management (scope, time and cost management). It allows the 
calculation of cost and schedule variances and performance 
indices and forecasts of project cost and schedule duration. 
This method was originally developed for cost management 
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and has not been used widely for forecasting project duration. 
However, recent research trends show an increase of interest 
in the use of performance indicators to predict total project 
duration [5].  

III. PROBABILISTIC COST BASELINE APPROACHES  
A simulation approach is used for generating the stochastic 

S-curves (SS-curves), which is based on the defined 
variability in duration and cost of the individual activities 
within the process. SS-curves provide probability distributions 
for the budget and time values required to complete the 
project at every selected point of intermediate completion [6]. 
The general framework of the budget and time distribution 
determining method consists of three steps: (1) generating 
prior distributions of model parameters; (2) updating model 
parameters based on reported data; and (3) using the updated 
model for forecasting [7]. 

Monte Carlo simulation approach forecasts the project 
duration and cost values based on the variability of duration 
and cost inherent in each of the project activities. After 
estimating probability distributions of costs and activity 
durations, through the application of Monte Carlo simulation 
the probability distribution of project’s total cost and schedule 
are provided. For each simulation, the Monte Carlo simulation 
engine randomly chooses one value for each variable within 
its range of possible values in accordance with their 
likelihood. This process is repeated a number of times 
(typically 1,000 iterations), and a range of equally likely 
potential outcomes is produced [8]. 

Recently, commercial computer programs have been 
developed with the specific purpose of probabilistic 
estimating [e.g., @Risk, Crystal Ball]. At first, a distribution 
function is assigned to each activity cost while activities 
durations are deterministic and defined as the most likely 
values. Then, in each iteration one value for cost is generated 
and these iterations are accomplished at time intervals during 
the project. Therefore, cumulative project cost is simulated. 
According to Central Limit Theorem, distribution of total cost 
is normal distribution. 

In this case, since in probabilistic methods the term 
‘‘variance’’ has a specific statistical meaning, the term 
‘‘variation’’ will be used to represent measures of 
probabilistic project performance. The cost variation (CV) is 
evaluated as the difference between the expected budgeted 
cost of work performed (μBCWP) and actual cost of wok 
performed (ACWP); At-completion cost variation (ACV) is 
evaluated as the difference between expected budget at 
completion (μBAC) and expected estimate at completion (μEAC), 
as shown in Fig. 1. 

Although SS-curves do not solve the problems associated 
with fundamentally poor estimates, they are preferred to 
deterministic S-curves because they provide information 
relative to the range of likely outcomes for the project at any 
percent of its progress [9]. 

 
Fig. 1 Project Stochastic S-Curve 

IV. PROBABILISTIC PROJECT PERFORMANCE MODEL 
DEVELOPMENT 

A. The Activity Cost Distribution Function  
In this model, the Beta distribution is used for the 

probability distribution functions. The Beta distribution has a 
long history of application in engineering and project 
management [10]. The primary advantage of applying the 
Beta distribution is the fact that the Beta distribution can 
generate a wide range of shapes with only two parameters 
[11]. The Beta distribution is a continuous probability 
distribution on a finite interval A to B with two shape 
parameters α and β. specifically, it was recommended that the 
Beta distribution be used in modelling random input processes 
of construction durations for simulation studies [12]. The Beta 
probability density function and the Beta function are obtained 
through (1) and (2) respectively: 
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A practical method for modelling Beta distributions has 

been developed that would enable the engineer or the analyst 
to fit Beta distributions with minimal required background in 
statistics and programming [12]. Reference [10] has presented 
a visual interactive procedure to determine the shape 
parameters of a unique Beta probability distribution function, 
Visual Interactive Beta Estimation System (VIBES). This 
procedure uses a combination of four activity–duration 
characteristics, two of which must be the maximum and 
minimum duration. The possible characteristic combinations 
are the maximum and minimum activity durations and either: 
(1) the mean and standard deviation; (2) the mean and a 
selected percentile; (3) the mode and a selected percentile; or 
(4) two selected percentiles. 

Shape parameters are defined through data gathering from 
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previous projects based on Central Limit theorem [10]. The 
mean, variance and mode of the Beta distribution are 
respectively given by: 
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B. Performance Monitor and Control Functions  
The earned value method provides early indications of 

project performance to highlight the need for eventual 
corrective action. For example, the Schedule Performance 
Index (SPI) indicates how efficiently the project team is using 
its time, and the Cost Performance Index (CPI) gauges how 
efficiently the team is using its resources. These indices are 
obtained through (6) and (7) respectively [13]: 

 

BCWS
BCWPSPI =  (6) 

 

ACWP
BCWPCPI =  (7) 

 
Where, BCWS: Budgeted Cost of Wok Scheduled; BCWP: 

Budgeted Cost of Wok Performed; ACWP: Actual Cost of 
Wok Performed. 

Variance thresholds should be established in the planning 
phase and should be used to guide the examination of 
performance. Project managers and others must decide where 
the problems lie and what actions to take or recommend. 
There are four major responses to a variance report: (1) 
Ignoring it; (2) Functional modification; (3) Replanning; and 
(4) System redesign [14]. 

Therefore, there are two basic reasons to change the plan 
and system redesign: (1) If the work scope is changed, then 
the estimated cost and possibly the schedule will change, and 
all of these changes need to be reflected in a revised baseline; 
(2) If poor performance in the past is rendering the baseline 
worthless as a tool for measuring present performance, then a 
revised baseline may be justified [5]. 

Since probabilistic methods predict activity performance 
using cost probability distributions, performance corrections 
and forecast estimates at completion (EAC) may be treated by 
considering two situations: (1) Future performance is 
independent of previous performance when current variance is 
seen as atypical and the project management team 
expectations are that similar variance will not occur in future, 
refer to (8); (2) Future performance is dependent on previous 
performance when current variance are seen as typical of 

future variance, refer to (9) and (10) [13]. 
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The EAC method based on (8), accepts the actual project 

performance to date as represented by the actual costs and 
predicts that all future work will be accomplished at the 
budgeted rate. The EAC method based on (9), assumes what 
the project has experienced to date can be continued in the 
future. The EAC method based on (10), forecasts remaining 
work will be performed at an efficiency rate that considers 
both the cost and schedule performance indices. It assumes 
both a negative cost performance to date, and a requirement to 
meet a firm schedule commitment by project. This method is 
most useful when the project schedule is a factor impacting 
the estimate to complete effort. Coefficients a1 and a2 are 
weighting coefficients of CPI and SPI at different values (e.g., 
80/20, 50/50 or some other ratio) according to the project 
manager’s judgment [13]. 

Another useful index is the To-Complete Performance 
Index (TCPI), which helps the team determine the efficiency 
that must be achieved on the remaining work for a project to 
meet a specified endpoint, such as the Budget at Completion 
(BAC) or the team’s revised Estimate at Completion (EAC). 
The TCPI for achieving the BAC is calculated by dividing the 
work remaining by the budget remaining as follows [13]. 

 
)/()( ACWPBACBCWPBACTCPI −−=  (11) 

 
Finally, assigned distributions are adjusted through above 

approaches and future project performance is forecasted 
through the new distribution. 

C. Control Accounts and Control Limits Assignment  
Plotting a unique S-Curve for the entire project, and 

determining only one global performance index for whole of 
the project, involves some issues. This approach causes 
probable performance failures of some project work packages 
or sub-projects to be generalized to the whole project. For 
solving this issue project should be divided into sub-groups as 
control accounts, and performance of each control account is 
evaluated and controlled based on its assigned control limit, 
individually. 

The major work components should be identified in the 
form of major cost packages and their related subcategories, 
which can be restricted to the major items that affect the total 
cost bottom line by a certain percentage. These sub-groups or 
control accounts determined through project manager are 
possible to be obtained according to MasterFormat system 
divisions [15]. Then obtain SS-Curve for each control account 
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and project S-Curve is obtained by summing control accounts’ 
S-Curve. Likewise, control limits are assigned for each control 
account to control project performance. In this paper CPI and 
SPI are considered as control limits for project performance 
control accounts. 

D. Specification Limits  
Specification limits, the area on either side of the expected 

line, meet the customer’s requirement for a product or service 
[13]. 

An important reason for quantifying uncertainty at some 
stage is that doing so helps to force all members of an 
organization’s management to appreciate the significance of 
differences between ‘targets’ that people can aspire to, 
‘expected values’ used to provide an unbiased predictor of 
outcomes, and ‘commitments’ that provide some level of 
contingency allowance. Targets, expected values, and 
commitments need to be distinguished in terms of cost, time, 
and all other relevant measures of performance. 

Targets need to be realistic to be credible, but they also 
need to be lean. If targets that are optimistic are not aimed for, 
expected costs will not be achieved on average and 
contingency funds will be used more often than anticipated. If 
expected costs together with contingency funds are treated as 
targets, following a version of Parkinson’s Law, work will 
expand to fill the time available for its completion, leaving 
insufficient margin when anything goes wrong. Targets are 
sometimes referred to as ‘stretch targets’ to reflect this and 
might be set at a level that has less than a 20% chance of 
being achieved [16]. 

Commitments usually involve ‘asymmetric penalties’ if 
they are not met or exceeded, with respect to costs, durations, 
and other performance measures (e.g., the implications of 
being over cost are not the same as being under cost). 
Determining this level of commitment ought to involve an 
assessment of perceived threats and the extent to which these 
may be covered by a contingency fund, together with an 

assessment of the opportunities and the implications of both 
over- and underachievement in relation to the commitment. 
High penalties associated with being over cost relative to the 
penalties associated with being under cost can justify setting 
commitment levels that have a higher probability of being met 
than the 50–60% chance an expected value might provide. 
Setting commitment levels that have an 80 or 90% chance of 
not being exceeded are common and we assume 80% for 
commitment [16]. 

V. NUMERICAL EXAMPLE 
In this section, the developed model applied on a nineteen-

activities construction project as a numerical example. The 
scope of this project is constructing a 900-meters square, 6- 
meters high, side and roof sheeting warehouse. The project 
duration is 85 days which its network diagram is shown in 
Fig. 2. Two shape parameters α and β are defined through data 
gathering from previous projects and fitting distribution to 
data (most distributions are negatively skewed because of 
incremental cost inherence). We use Crystal Ball’s 
distribution fitting to match our data against each continuous 
probability distribution. Project management assigns 
maximum and minimum of activities cost and project 
performance control accounts and limits according to project 
and contract condition, depicted in Table I, II. 

 

 
Fig. 2 Project network diagram 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

TABLE I 
MAGNET PROJECT ACTIVITIES DATA 

β α Cost ($) Duration Description Predecessor Activity Maximum Minimum 
2 3 6100 5000 4 Mobilization - A 

2.1 3.2 2700 2000 2 Site clear - B 
2.5 3.7 6200 5500 2 Foundations excavation A,B C 
2.1 3.3 4000 3000 1 Lean concrete C D 
2.7 4 5900 5000 11 Form foundation D E 
3.1 4 8400 7500 8 Reinforce foundation E F 
3.2 4.4 7800 7000 7 Foundations concrete F G 
2.5 3.4 21551 20517 12 Steel erection G H 
2.2 3.6 13000 11000 13 Rebar lay G I 
2.3 3.9 3100 2500 3 Floor slab concrete I J 
2.7 3.3 18100 17500 6 Roof sheet install H K 
3.1 4.2 18300 17900 5 Sides sheet install K L 
2.9 3.7 9400 8900 12 Mechanical work J,L M 
3.7 4.8 10400 10000 11 Electrical work J,L N 
2.6 3.8 21500 19000 13 Floor covering M,N O 
2.1 3.6 12800 12300 5 Painting M,N P 
3.3 4.5 19600 19000 10 Landscaping L Q 
2.5 3.2 1400 1000 4 Clean up O,P,Q R 
3.5 4.3 3400 3000 4 Demobilization O,P,Q S 
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Crystal Ball 7.3.1 is used for Monte Carlo simulation in this 

example. After running 1,000 trials, the expected estimations 
of project cost were obtained from the simulated SS-curve 
values and from the correspondent cumulative distribution 
functions at project completion. The predicted total project 
cost is 187,126$ and its standard deviation is 787 $, as shown 
in Fig. 3. Also Fig. 4 illustrates sensitivity analysis that 
represents which control account has more effect on the 
project total cost. 

 

 
Fig. 3 Monte Carlo simulation output of project cost 

 

 
Fig. 4 Project control accounts costs sensitivity 

 
The results of the project performance monitoring at an 

intermediate point, day 40, by application of the developed 
model, are depicted in Tables III and IV. 

As it is depicted in Table IV, “Earth works” is outside of 
the acceptable time and cost control limits (SPI, and CPI). 
Therefore, this control account should be adjusted and re-
planned. If it is desirable to preserve initial BAC, according to 
(11), subsequent “Earth works” productivity must increase 
about 4%. On the other hand (8), (9), and (10) can be used to 
forecast new “Earth works” cost estimation. Since “Earth 
works” is outside of the acceptable time limit so the use of 
(10) with 50-50 coefficient is an appropriate way to forecast 
new prediction because time performance effect is considered 
too. Once the project data have been updated with a corrective 
action, a new project performance forecast could be run in  

 

 
 

 
 
 

order to evaluate effects in the probabilistic schedule and the 
revised at-completion performance forecast. If revised at-
completion cost and duration variances were improved with 
respect to the previous forecasted values, the proposed 
corrective action could be considered as acceptable. The 
corrective performance productivity and the estimate cost 
forecasts for “Earth works” are shown in Table V. 
 

 
Based on performance reports on a project, the project 

manager updates probability distribution functions and 
decides whether the project performance is under control and 
within acceptable control limits so that intervention is not 
necessary. If the project or task is deemed not in control, the 
project manager needs to identify the causes of the variance 
and take necessary actions to get the project back under 
control and within the acceptable performance limits. 

 
 
 
 
 

TABLE II 
PERFORMANCE CONTROL ACCOUNTS AND LIMITS 

Control account Concrete Metal Electrical Mechanical Finishes Earth 
works 

General 
requirements

Activity D,E,F,G,I,J H,K,L N M O,P B,C,Q A,R,S 
Control 

limit 
CPI 0.86-1.14 0.95-1.05 0.92-1.08 0.91-1.09 0.94-1.06 0.92-1.08 0.89-1.11 
SPI 0.92-1.08 0.92-1.08 0.92-1.08 0.92-1.08 0.92-1.08 0.92-1.08 0.92-1.08 

TABLE III 
PROJECT PERFORMANCE MONITORING DATA AT DAY 40  

Control 
account Activity Expected 

values 
Actual 
values 

Earned 
values 

General 
requirements 

Mobilization 5,650 $ 5,990 $ 5,660 $ 
Sum 5,650 $ 5,990 $ 5,660 $ 

Earth works 

Site clear 2,430 $ 2,480 $ 2,150 $ 
Foundations 
excavation 5,920 $ 5,990 $ 5,500 $ 

Sum 8,350 $ 8,470 $ 7,650 $ 

Concrete 

Lean concrete 3,600 $ 3,630 $ 3,500 $ 
Form foundation 5,540 $ 5,510 $ 5,440 $ 

Reinforce 
foundation 8,020 $ 8,160 $ 8,000 $ 

Foundations 
concrete 7,460 $ 7,600 $ 7,100 $ 

Rebar lay 7,310 $ 7,350 $ 7,100 $ 
Sum 31,930$ 32,250$ 31,140$ 

Metal Steel erection 12,240$ 12,240$ 12,300$ 
Sum 12,240$ 12,240$ 12,300$ 

 TABLE IV 
PROJECT PERFORMANCE INDICES FOR CONTROL ACCOUNTS AT DAY 40 

Control account Concrete Metal Earth 
works 

General 
requirements 

Performance 
Index 

CPI 0.96 1.005 0.9 0.94 
SPI 0.97 1.005 0.91 1.001 

TABLE V 
PRODUCTIVITY CORRECTION AND FORECASTING COST FOR “EARTH WORK” 

AT DAY 40 
TCPI EAC (Eq. 8) EAC (Eq. 9) EAC (Eq. 10) 

1.04 29,628 $ 31,895 $ 80-20 50-50 
31,828 $ 31,728 $ 
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The graphical representations of forecasting SS-curves for 
the project based on EACs which are depicted in Table V are 
shown in Fig. 5. 

 

 
Fig. 5 The Project forecasting Stochastic S-Curves at day 40 

VI. CONCLUSIONS  
In this paper a new probabilistic cost forecasting method 

has been developed. The Beta S-curve method is a 
probabilistic method that provides confidence bounds on 
predictions. It is also an adaptive method that starts with the 
original estimation of project cost and adjusts the influence of 
prior performance information on prediction as actual 
performance data accrues. 

In this method project activities are classified into sub-
groups entitled control accounts. Then, Stochastic S-Curve is 
obtained for each each sub-group and project SS-Curve is 
obtained by summing sub-groups’ SS-Curve. Thus, project is 
divided into sub-projects that cause easier and more accurate 
forecasting and monitoring. Moreover, control limit is 
determined for each control account to control project 
performance. If one sub-group needs modification, it just 
justifies and it does not affect other sub-groups. 

In this model we assign one distribution function for each 
project activity cost. In future attempt we will contemplate 
cost variation along elapsed time. So we will assign two 
distribution functions for each activity cost; First distribution 
is determined based on productivity rate defined at time of 
tender submitting; Second distribution is determined based on 
cost variation along the time according to inflation rate. 
Ultimate cost of the activity is determined by multiplying 
these two functions. 

REFERENCES   
[1] K. C. Crandall, and J. C. Woolery, ‘‘Schedule development under 

stochastic scheduling.’’ J. Constr. Div., Am. Soc. Civ. Eng., Vol. 108, 
no. 2, pp. 321–329, Feb. 1982. 

[2] P. Gardoni, K. F. Reinschmidt, and R. Kumar, “A probabilistic 
framework for Bayesian adaptive forecasting of project progress.” 
Comput. Aided Civ. Infrastruct. Eng., Vol. 22, no. 3, pp. 182–196, Mar. 
2007. 

[3] M. Pultar, “Progress-based construction scheduling.” J. Constr. Eng. 
Manage., vol. 116, no. 4, pp. 670–688, Apr. 1990. 

[4] S. A. Ward, and T. Lithfield, Cost control in design and construction. 
New York: McGraw-Hill, 1980, ch. 5.  

[5] PMI. Practice Standard for Earned Value Management. Pennsylvania: 
Project Management Institute, Inc., 2005, ch. 4. 

[6] G. A. Barraza, E. Back, and F. Mata, “Probabilistic Forecasting of 
Project Performance Using Stochastic S Curves.” J. Constr. Eng. 
Manage., Vol. 130, no. 1, pp. 25-32, Jan. 2004. 

[7] B. C. kim, and K. F. Reinschmidt, “Probabilistic Forecasting of Project 
Duration Using Bayesian Inference and the Beta Distribution.” J. Constr. 
Eng. Manage., Vol. 135, no. 3, pp. 178-186, Mar. 2009. 

[8] K. R. Molenaar, ”Programmatic Cost Risk Analysis for Highway 
Megaprojects.” J. Constr. Eng. Manage., vol. 131, no. 3, pp. 343–353, 
Mar. 2005. 

[9] G. A. Barraza, E. Back, and F. Mata, “Probabilistic Monitoring of 
Project Performance Using SS-Curves.” J. Constr. Eng. Manage., Vol. 
126, no. 2, pp. 142-148, Feb. 2000. 

[10] S. M. AbouRizk, D. W. Halpin, and J. R. Wilson, “Visual Interactive 
Fitting of Beta  Distributions,” J. Constr. Eng. Manage., Vol. 117, no. 4, 
pp. 589-605, Apr. 1991. 

[11] A. Touran, M. Atgun, and I. Bhurisith, “Analysis of the United States 
Dept. of Transportation prompt pay provisions.” J. Constr. Eng. 
Manage., Vol. 130, no. 5, pp. 719–725, May. 2004. 

[12] S. M. AbouRizk, D. W. Halpin, “Statistical Properties of Construction 
Duration Data.” J. Constr. Eng. Manage., Vol. 118, no. 3, pp. 525-544, 
Mar. 1992. 

[13] PMI. A guide to the project management body of knowledge. 4th ed. 
Pennsylvania: Project Management Institute Inc., 2008, ch. 7, 

[14] H. Kerzner, Project Management: A Systems Approach to Planning, 
Scheduling, and Controlling. 10th ed. New york: John Wiley & Sons, 
2009, ch. 15. 

[15] CSC, CSI, MasterFormat. Virginia: The Construction Specifications 
Institute and Construction Specifications Canada, 2004. 

[16] C. Chapman, and W. Ward, Project Risk Management Processes, 
Techniques and Insights. 2nd ed. New york: John Wiley & Sons, 2003, 
ch. 1. 
 

 
 
 
 
 
 
 
 
 
 

 

 
   

 


