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Abstract

This paper introduces a tool for predicting potential cost overrun during project execution and for
quantifying the uncertainty on the expected project cost, which is occasionally changed by the unknown
effects resulted from project’ s complications and unforeseen environments, The model proposed in this study
is useful in diagnosing cost performance as a project progresses and in monitoring the changes of the
uncertainty as indicators for a warning signal. This model is intended for the use by project managers who
forecast the change of the uncertainty and its magnitude. The paper presents a mathematical approach for
modifying the costs of incomplete work packages and project cost, and quantifying reduced uncertainties at
a consistent confidence level as actual cost information of an ongoing project is obtained. Furthermore, this
approach addresses the effects of actual informed data of completed work packages on the re—estimates of
incomplete work packages and describes the impacts on the variation of the uncertainty for the expected
project cost incorporating Multivariate Probabilistic Analysis (MPA) and Bayes Theorem. For the illustration

purpose, the introduced model has employed an example construction project. The results are analyzed to
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demonstrate the use of the model and illustrate its capabilities.
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1. INTRODUCTION

Today' s construction project is often large, complex,
and unique; and it encompasses various design and
construction methods. Hence, such a project may
experience cost overrun due to unpredictable project
conditions and environments, as well as because of
limited and deterministic information at the starts.
Inaccurate prediction of dynamic uncertainties and
changeable factors as a result from complications of

project circumstances have caused hidden project value
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and decreased project competitiveness. Therefore, an
effective tool is needed to diagnose the cost performance,
specifically to monitor cost uncertainty and to quantify
the risk level, Such a tool can also be used to manage the

cost contingency under changeable environments.

For a successful project execution, it is an increasing
need to predict a more precise project cost and
contingency associated with the uncertainties that may
appear within the project duration. Predicting project cost
and contingency (defined as a buffer in the light of
quantitative value) is useful if it is done at the early stage
of the execution (Zwikael et al., 2000), This early stage is
often defined as a phase in which at least 30% of project
development is completed (CII, 1994). The prediction of
project cost and contingency at the progressive stage and
the quantification of the reduced uncertainties resulted
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from any reported cost data are crucial to control and
manage the costs of incomplete work packages and to
provide project managers with better management
actions and strategies. Hence, forecasting the dynamic
uncertainties contributes to a flexible project control and
management (Karlsen and Lereim, 2005). The latter can
be exemplified as the return of excess contingencies to
investors or owners, re—investment on other projects,
resolution of emergencies, control of project schedules,

and improvement of facilities (Ford, 2002).

In construction industry there are very few methods
available to accurately predict and quantify changes of
uncertainties on project cost and contingency. Thus,
many projects have often overspent the planned cost,
resulting in financial losses for the owners and investors,
To overcome these losses project managers need tools for
quantifying changes of uncertainties and re—estimating
project costs and contingencies. Multivariate probabilistic
analysis (MPA) and Bayes Theorem are introduced in this
paper as such tools for project managers to forecast
expected project costs based on cost performance of
completed work packages and to monitor the changed
and reduced cost uncertainties when more information of
an ongoing project is available. These tools provide
project managers with a risk function (or probability
distribution) to establish a risk level to avoid cost overrun.
Such a thing can be done since these approaches update
dynamic predictions that correspond to any reported cost
data, and automatically diagnose project cost and

contingency at an initially desired confidence level,

(1) Objectives of the study

One of the ultimate objectives in this study is to
monitor the reduction of cost uncertainties of incomplete
work packages by increasing cost information resulted
from completed work packages considering the
dependency between these packages. Also, others are to
quantify its magnitude at an initially desired confidence
level and to address the effects of informed cost data on

the modifications of the costs of incomplete work
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packages and expected project cost in quantitative
assessment. In brief, the reportéd cost data of an ongoing
project is applied for revising them, considering that the
costs of all work packages are not totally independent
and that dependency provides any information to
incomplete work packages. When the correlation among
work packages exists, the actual costs of completed work
packages affect the remaining project costs, and hence
the expected cost and its uncertainty are re—computed

and continually adjusted as a project progresses.

(2) Scope of the study

This study is concerned with the fact that the changes
of the estimated costs are often caused by the
dependencies of work packages and the unpredictable
uncertainties under the complicated environments, If
work packages are totally independent, then the changes
of uncertainties resulted from the dependency are
insignificant, Hence, the method introduced in this study
focuses on projects whose work packages are somewhat
or highly correlated among each other (which are usually
the case); and so the variations of uncertainty will appear
during a project execution. Furthermore, because there
exist no perfectly satisfied correlation matrix in reflecting
the dependency of cost variates, this study is concerned
with two specific patterns of Correlation Function;
Gaussian and Exponential Correlation Functions with the

characteristics that are described in the next section.
2. BACKGROUND

There is no perfectly accurate method for predicting the
future phases or potential outcomes of a construction
project, In a construction project, the project manager
plans to absorb the uncertainties for unexpected future
outcomes affecting a project cost by estimating the
contingency. One common way to calculate this
contingency is to consider a percentage. of expected
project cost (e.g., 5% or 10%). Despite its simplistic
approach, it does not quantify the degree of confidence

that the contingency provides against cost overruns
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(Touran, 2003). Pugh and Soden (1986) have addressed
that to make a single—value deterministic cost estimate is
unsafe because of the unpredictable changes of
uncertainty on total cost caused by project s
complications. The amount of actual contingency can also
be assessed by either experts subjective judgments or
statistical analyses, Particularly, statistical methods, such
as Monte Carlo simulations, regression models, and
variance analyses are useful to analyze and range the
amount of contingency when previous cost data was
recorded systematically (Clark, 2001), These approaches
are efficient to estimate an expected total cost and
quantify a proper range of contingency. Nassar (2005)
asserted that when they are used at the beginning and
the variation of uncertainties during the development is
unconsidered, it is difficult to apply new reported cost
data in order to predict future outcomes,

Multivariate probabilistic approach (MPA) and Bayes’
Theorem are provided to create a predictive probability
distribution (or a risk function) for future project cost and
contingency. This function is based upon a prior distribution
of initial project cost and reported cost information from
completed work packages. In statistical analyses, these
methods have been known as a powerful tool to measure
the uncertainty, which started from subjective or planned
distribution. In particular, Bayes Theorem is a logical tool
to update the probability distribution of an unknown factor
in estimating the uncertainties. Its main capabilities are
described in the following:

1. To combine prior knowledge and actual reported data;

2. To automatically update initial estimates as soon as
actual data is available; and

3. To reflect the reduced uncertainty as information is
getting more available,

3. METHODOLOGY

(1) Correlation functions
Construction projects are often complicated and have

various operations, and project managers may have
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difficulties to objectively and accurately assess the
dependency among work packages that are defined as cost
variates in this study. Even though there is available data
from past similar projects, such assessments tend to
depend on the experts’ subjective judgment and
experience. Correlation or covariance among specific cost
variates is one element that represents the dependency, For
instance, if two work packages that may affect each other
are estimated, the costs may increase or decrease together,
Correlation and covariance among work packages measure
such a tendency. Statistically, it is important to satisfy the
properties of correlation matrix, To apply this matrix to
cost estimating, it is necessary that the matrix be square,
symmetric, and positive definite. In determining whether
the correlation matrix is satisfactory, the eigenvalues for all
cost variates are computed; and if they are positive, the
matrix is statistically logical to reflect the dependency
among the operations,

Iﬁ this section, the correlation functions (CF) are
introduced to construct a legitimate correlation matrix, The
CF represents the probability density of measuring the
dependency of cost variates, and this creates the correlation
matrix satisfying all the properties for applying it to the cost
estimates. In this paper, two types of the Correlation
Functions are employed to test the proposed model:
Gaussian Correlation Function (GCF) and Exponential
Correlation Function (ECF). The GCF shows the dependency
from the preceding to the subsequent work packages that is
initially decreasing slowly but subsequently decreasing
rather quickly (Figure 1a). Conversely, the ECF shows a
faster decrease in the dependency between subsequent work
packages (Figure 1b). In building this matrix, a project
manager determines which CF is more appropriate for a

specific construction project.

GCF =Corr(x,;,x;) = exp[-6(i - N

i

ECF =Corr(x,.x,) = exp[~6]i - j|]

Here, i and j represent the position of the correlation
component in the matrix, and 0 is a parameter to control

the smoothness of the dependency change among the
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Figure 1 Gaussian (a) and Exponential (b) Correlation Function

successive cost variates. 8 is controlled by a project
manager; and it also governs the dependency on the next
cost variates.

(2) Conditional probability theory and Bayes Theorem

The knowledge of Bayes Theorem statistics is one
scientifically justifiable way to integrate informed expert
judgments with reported information. Hence, Bayes
Theorem can be employed to modify the expectation on a
project cost, and theoretically, based on a prior
distribution of a project total cost, a posterior distribution
is assessed through informed cost data (Johnson and
Wichern, 2002). For instance, if work packages such as
civil-work and foundation-work are performed in
sequence, and civil-work is completed first with actual
cost as X1, then its cost will always be known as X: since
the work was already completed. The conditional
probability distribution on cost variate x2 given that the
cost variate x1 having a specific value of X1 is fai(xz|xy),
In this expression, X: is known before X2. This can also
mean that civil-work is completed before foundation~
work is done, Hence, the joint probability density function
on these cost variables is the product of one conditional
distribution and one marginal distribution, In this case
the joint probability distribution is a bivariate probability
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density function, where the marginal distribution is
determined by integrating the joint distribution. The
conditional probability density function is presented as

follows

fx,z (x,,%,)

Flale) = L)

It is obvious that if they are correlated any information
about x1 reduces the uncertainty in x2. Hence, if work
packages are dependent, cost information about the
completed work can be used to generate better cost
estimates of work packages that are yet to be completed.
When a project manager has a consistent view of
contingency, the project cost after the completion of
civil-work will be set such that the probability of cost
overrun can be kept with the same cost risk level, a. It
indicates that whatever risk level (@ or confidence level
(1- @) is appropriate at the beginning of a project, they
remain constant throughout the project life cycle. Thus,
modified (Bew) total cost is computed by the conditional
probability analysis and Bayes rule, and the difference
between a prior (Bo) and the posterior (Brew) is presented
below, where k, the unit standard variate, also remains
constant even though the uncertainty on project cost has
changed.

(2

By=B,,, =L +p, +kfo] +2p0y0, + 031X, + 1, +(;2](X1 ".”fl)*‘k"n]i_l’]]
1

m

B, -3, %[M-Xl]gﬂ[p[—o_iJ(ﬂ]—X,)];+;k[ o7 1 200,0, 467 - 6,1 o'}
: Pl D :
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In the above equations, @ and (2 are prior expected
costs, o and o2 are prior expected standard deviations,
and p is the correlation coefficient between civil-work
and foundation—work, The cost differential consists of
three terms:

I. s — X1, which represents the direct savings if ) Xu.

II. plo2 /o) — X1), which represents the expected

savings on foundation—work, based on the reported

cost data on civil-work and its correlation with

foundation—work.

LI, Kyfoi +2po,0, +0; -0,3/1- p*1 | which represents a
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reduction in the contingency necessary to cover

consistent cost risk level @), corresponding to a reduced

uncertainty caused by information of the completion of
the previous work package. It is noted that this last
term is independent from the actual cost, Xu.

The above term (cost differential) engenders two
possible outcomes, i.e., cost reduction with the difference
returned to the owners and uncertainty elimination with
consistent confidence level (1- @) or risk level a, Of course,
if the cost of completed work is unfavorable (w{Xy), or if
the correlation is negative, then cost differential will
become negative; in turn, this will cause the available
contingency to go down. Consequently, this increases the

risk of a cost overrun above the originally desired level a,

(3) MPA for cost update

Construction project consists of many work packages,
and so general expressions in this paper are described by
the joint multivariate probability analysis (MPA) in N—
variates, where each variate represents a work package in
a project,

¢ x=NX1 column vector or work package cost defined
as one random variable in statistical analysis.

o =N x1 column vector of expected values of work
package costs derived from experts subjective judgment
and historical information in past similar projects,

¢ V=NXN covariance matrix representing the
relationship among random variables or work
packages with a likely numerical value, This matrix
often relies heavily on information—based judgment,
but it has some restrictions such as “square,”
“symmetric,” and “positive definite matrix” in
multivariate probabilistic approach for estimating the
project, cost,

¢ |Vi= Determinant of covariance matrix

oV''= Inverse of covariance matrix

From probability theory and notations above, the joint

multivariate probability analysis for project cost estimate
yields the following:

Sr(x)=

1, p{_ (x—m'Vl(x—m}
em" ] 2
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The (x— " matrix is a transpose of (x— & and a Nx1
column vector. It is needed to clarify a few restrictions
on covariance matrix (V) for mathematically validating
the application of joint multivariate probability analysis
into a project cost estimate. From a prior condition of a
project, it is possible to compute the required
contingency to meet any significant confidence level, In
this paper, 10% risk and 90% confidence level are defined
as the likelihood that an actual total project cost exceeds
any specific project cost. These levels are dependent
upon the characteristics, conditions, and uncertainties of
the project: and they often depend on experts’
Jjudgment,

The expected total cost for a project and its variance
are computed with the Eqgs.(1) and (2).

N
E[Total Project Cost] = g, + g, +--+ 1y, = z,u,.

N N
Var{Total Project Cost] = ZEVU

=1 =1

From the expectation and standard deviation for total
project cost, a risk function (e.g. probability
distribution) is created, and the degree and likelihood
that the cost exceeds any specific value at the initial
allowable rigk level is computed. These actions are
helpful to employ a better strategy for achieving the
objectives within project duration, To understand the
theoretical and mathematical model of multivariate
probabilistic analysis (MPA), a construction project
consisting of N* work packages is considered, and for
more convenient illustration N™ work package is first
completed, Next, (N-1)" work package is also
completed. The N* work completion is known as specific
information for revising the risk function of total
project cost with N-1 remaining work packages. The
revisions are performed repeatedly until the only
remaining work package is x1. The MPA represents
mathematically partition information for the costs of
the completed (xx) and remaining work packages (x1, xz,

«+ xn-1) as follows!
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The partition for variance is created based upon a prior
NXN covariance matrix and the reported data (xn); this
is presented helow, where each component (vi) in this
matrix is computed by prior standard deviations (si) and
correlation coefficients (cij) between i and j work package

(1< 1, j <N). For instance, v is calculated by c¢11Xs1Xsl,
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From the above mathematical definitions, (N-1) X1 of x
variates is distributed as (N-1) multivariate normal
density functions with (N-1)X1 matrix of # and (N-1)X
(N-1) covariance matrix, Here, (N-1) multivariate normal
density functions are dependent upon the actual value of
xn variate. The conditional risk functions from x1, x2,,
xn-1 variates are re—created given the actual value of xv
variate, The following modified equations are presented
for computing the conditional expectations and (N-1)x
(N-1) covariance matrix for remaining work packages,

HoT I/INV]\;]i/ (xy — ty)
(N-1)x1

(N-D)x1 |xy=reported

(N=DXVD) s —yeported.  (N-Dx(N-1) e

Theoretically, the reported cost data of completed work
package is utilized to create the modified conditional
probability distribution of remaining work packages, Thus,
the conditional (N~1) expectations and (N-1)x (N-1)
covariance matrix are derived from Egs. (3) and 4. As a

result, project managers can calculate the required
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contingency to meet the initial cost risk level by re—calculating
a posterior expected cost and variation with Egs. (5) and (6).

El[Total Project Cost| x, =reported cost value]

......... 5)
= ﬂl‘x,, + Iu2|xN Tt ﬂN—l‘xN
Var[Total Project Cost ! x, =reported cost value) ©)
= Sum of Vi,

Hence, the likelihood of cost overrun can be re-
computed using the normal probability distribution table.
From Egs.(1) and (2), a prior total project cost (Bo) at the
risk level is computed like the following.

B, = E[Total Project Cost]+k\/Var[Tota1 Project Cost]

As stated earlier, k is determined from the normal
probability distribution table corresponding to the desired
risk level (@), If the risk level is about 10%, then k is about
1,283, where k is defined as indication called the standard
unit variate, The expected cost and standard deviation of
total project cost conditional on the reported cost data are
revised by Egs.(5) and (6); the modified standard
deviations (o1, o2,-+, av-1) of incomplete work packages are
obtained from a prior standard deviation (si) and
correlation of each pair of work packages (civ) from
Eq.(7).

6, =53 (1-c2), 1<i<N-1

The revised correlation coefficients (o) are also derived
from cjj and ¢ :

(cy —Cw€ jN)

Py = >
JA=ca)d=c3)

From Egs.(5), ©), (7),
variance of project cost is re~estimated, such that the

and (8), the expectation and
modified total project cost (Brew) is calculated like the
below.

B,,, =(Modified E[Total Project Cost]) +
k\/ (Modified Var[Total Project Cost])

Like Bo, k is initially determined from the normal

probability distribution table. The proposed methodology
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in this paper is tested by using data of a building project,
and the results are analyzed in the next section,

4. TESTS AND VALIDATIONS OF MODEL

The required contingencies to cover the acceptable risk
level of cost overrun is re-estimated as a project
progresses and actual cost data is reported, compared to
the initial cost estimates at the start. The MPA responds
to informed cost data on an ongoing project. If total
project cost re—estimated with the most recently reported
cost data is higher than the initial cost, supposing no
scope changes, more contingency is required and some
corrective management is needed to develop the project
within the planned cost. Otherwise, if the revised cost at
completion is lower than the initial cost, the required
contingency is decreased and the savings can be
redistributed elsewhere, Hence, the costs of all incomplete
work packages are re—estimated as the actual cost data
of completed work package is obtained. As an illustration,
a building project was considered to demonstrate the
model. This project consisted of 14 main work packages;
the best estimated cost for each work package is
presented in Table 1,

Table 1 Initia] best estimates of each work package

No. | Work package {wp) | Best Estimate of Cost
wpl |Site Work $2,138,148
wp2 (Civil $2,762 211
wp3 (Piling $16,400,453
wpd |Structure and Concrete $21,745 348
wp5 (Masonry $634 405
wpb [Maisture protection §1,011,885
wp? |Finishes $4,432,300
wpB [Carpentry $2,198 503
wpd |Windows and glass $2,174,364
wp10 [Metalg $442 963
wp 11 [Furnishings $2,173,146
wpl2 | Electrical $1,608 907
w13 |Mechanical $4 284 248
wpl4{Landscape $1,306,412

Expected Total Cost $63,310.331

The uncertainty on each work package cost was
determined by the coefficient of variation, which was 30%
for every individual work package, The coefficient of
variation is the standard deviation divided by the expected

value, and can be controlled by a project manager, Then,
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the expected total cost at completion is the sum (=u+e-+u
3+---+u4) of the expectations of 14 work packages, which
was $63,310,331. The standard deviation of total cost was
computed by $16,796,517 =[5 Ziwil”?, where 1< 1, j <14),
This value indicates that the coefficient of variation of
total project cost is about 26.5%, which is less than that
for each work package taken separately. Figure 2 shows a
prior distribution on total project cost, and Table 2
presents the correlation matrix used in this project, which
was created by the GCF,

Table 2 Initial correlation matrix created by Gaussian Correlation
Function (GCF)
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Figure 2 Planned risk function on the cost at completion

The correlation components in the matrix are created
by the GCF. However, project managers can manage
these values on the basis of their experiences and
subjective judgments. When the contingency was set at
the 90% confidence level, it represented that there was
10% chance that the cost overruns, and a 90% chance
that total cost was not overrun, Standard unit variate
for one—sided 90% confidence level is 1.283, so the
required total cost at the 90% confidence level is
$63,310,331 plus 1.283$16,796,517 = $21,549,931, When
the site—work was completed, it cost $2,228,846, which
means 4.24% higher than the expected value of its
original estimate of $2,138,148. The re—estimates of
remaining work packages are calculated by Eq. (3) in the

below,
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(Re-estimates of wp2, wp3, ..., wpl4) | wp1=1$2,228,846

= u +
(Prior estimates of wp2, wp3, ..., wpl4)

Vi3V, (82,228 846 - $2,138,148)

Re-estimated matrix among wp2, wp3, ..., wpl4 ‘ wp1=$2,228,846

= Vv —
Prior 13x13 matrix among wp2, wp3, ..., wpl4
-1
Vl3><l X V X Vl

1x1 x13

Table 3 Initial covariance matrix created by Gaussian Correlation
Function (GCF)
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Table 4 Modified correlation matrix after the completion of site-work
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Table 6 Modified best estimates of remaining work packages after the
completion of site-work

Na. Work package (wp) Best Esti of Cost Modified Estimate
wpl |Site Work $2,138,1468| Actual cost = $2,228 846
wp2 [ Civil $2,.762 211 $2,867 664
wp3.|Piling $16.400 463 §16,656 925
wpd |Structure and Concrete §21745 348 §22,102.710
wps [Masonry $634.,405 $639 392
wpb {Muoisture protection $1.011.885 $1,014 966
wp? [Finishes $4 432 300 $4 436 536
wpB |Carpentry $2,198 509 $2,199 043
wpd [Windows and glass $2,174 364 §2,174 473

wp10 [Metals $442 963 §442 967

w11 |Furnishings $2173,146 $2,173,148
wp12 [Electrical $1 606 907 $1.606 907
wp13|Mechanical $4.284 248 $4,284 248
w14 |Landscape $1.305 412 $1,305 412

Expected Total Cost 463,310,331 $64,333.238

The modifications of expected project cost and standard
deviation are computed based upon informed cost data of
site~work by Eqs. (4), ), and (6), and a posterior risk
function is compared to the planned function as
presented in Figure 3. In brief, given site—work cost
information, it is possible to modify the best estimates for
remaining work packages from civil-work to landscape
using the multivariate probabilistic analysis (MPA), such
that their revised values are given in Table 6, Based upon
the actual cost of site-work ($2,228,846), the initial
correlation and covariance matrix are re—created using
Egs. 6), (7), and (8) as shown in Tables 4 and 5.

The fact that site—work was completed for more than
the prior best estimate of $2,138,148 indicates that there is
some evidence that its initial cost estimate was under—
estimated. Also, this underestimate cost may be due to the
unpredictable complications that cannot be accounted for
earlier. Consequently, there is a need to revise the
estimates from civil to landscape work packages because
of the correlations among them. Hence, the best estimate
of total expected cost at completion is modified by
$64,333,238, such that $1,022,907 is increased from the
initial estimate. If project managers do not increase total
project cost, so that the cost with contingency remains
constant at the original value, the remaining' contingency
is only $17,644,263. This is positive, but still less than the
required contingency to cover the remaining costs at the
90% confidence level, Site—work has actually used up some
of project contingency, although no specific contingency is
assigned to site—work, Thus, after the completion of site—
work, the probability of cost overrun is about 11,4%, which
is more than 10% risk level. This means that the total cost
for remaining work packages corresponds to the 88.6%
confidence level, a decrease from the 90% initial level. The
revised probability distribution after the completion of
site~work is plotted in Figure 3.

The width of the modified probability distribution is
slightly narrower than the initial one, Next, the civil-work
was completed for a cost of $2,949,061. This is slightly higher
than the updated prediction, which is the best re—estimate
for civil-work ($2,867,664) after site-work was completed,
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Figure 3 Modified risk function after the completion of site-work

However, $186,850 is higher than the original estimate. This
additional evidence confirms that the initial project costs
were under—estimated and running higher than the
estimates. The revised values for the best estimates of
incomplete work packages are calculated in the same
previous way after obtaining cost data from the completions
of site—work and civil-work. Then, the modified probability
distribution of project cost is shown in Figure 4.

After each work package was completed, the variation in
the revised total costs and in the expected costs at
completion is shown in Figure 5, Whereas the variation
resulted from the ECF is plotted in Figure 6. The objective

of using the confidence limits in these figures is to keep
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Figure 4 Modified risk function after the completions of site-work and
civil-work

Table 7 Comparison between initial best estimates and actual costs

No Work package {w| Best Esti of Cost Actual Cost
wp1 |Site Wark $2,130,148| Actual cost = $2,228 846
wp2 |Chvil $2 762 211 Actual cost = $2,.979 061
wp3 |Piling $16.400 483 Actual cost = $18 605 588
wpd IStructure and Concrete §21,745348]  Actual cost= $22,084 531
wp5 [Masaonry $634 405 Actual cost= §583,008
wpb_[Moisture protection $1,011,885 Actual cost= §568 864
wp? [Finishes $4 432,300 Actual cost= 54,113 908
wpB |Carpentry $2,198 503 Actual cost= §2,269 430
wp9 |Windows and glass $2.174 364 Actual cost= $2 524 082
wp10 |Mstals $442 963 Actual cost= $628,353
wp11 |Furnishings $2,173,146 Actual cost= $2 290 456
wpl2|Electrical §$1,606.907 Actual cost= §2,045,128
wp13 [Mechanical $4 284 248 Actual cost= $4 538,749
wpl4 |Landscape 51,305 412 Actual cost= §1,282 895
Expected Total Cost 463,310,331 $67,133,899
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the confidence band positioned so that it envelops the
actual cost at completion. No one can exactly predict the
future with certainty, but this study fries to define a
confidence limit where it is expected to find it with
probability 90% in this case. The lower confidence fimit is
not shown with the fact that it is the expected cost at
completion minus the contingency. However, the
presented method at least has achieved the goal of
keeping the 90% confidence level above the actual cost at
completion ($67,133,899) for every completion in the
process up to project completion. Although the costs
increased over the original estimates and contingency was
being used up for a few steps, this project was actually

well behaved in which it never ran out of contingency.
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Figure 5 Variation in the revised total costs and expected costs based
upon Gaussian Correlation Function
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Figure 6 Variation in the revised total costs and expected costs based
upon Exponential Correlation Function

As each subsequent work package was completed, the
best estimate (or most likely value) for the cost at
completion crept up or down somewhat, depending on the

latest actual cost reports. In spite of this fluctuation, the
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uncertainty' expressed as the width of the distribution
always lessens for both of the GCF and ECF. Figures 5 and
6 appropriately illustrate how the project cost is changing
and how well the degree of uncertainty is merging to zero

on the target as actual cost data becomes more available,
5. CONCLUSIONS

This study introduced a cost re—estimating model using
the Multivariate Probabilistic Analysis (MPA) and Bayes
Theorem to accurately predict construction project cost
and contingency. The model has predicted the changes of
the costs of incomplete work packages and expected
project cost in quantitative assessment, resulted from
actual cost data of completed work packages of ongoing
project. Moreover, this has quantified the magnitude of
the impacts of informed cost data on the re—estimates of
the remaining project execution. If project managers
foresee the behavior of expected project cost based on the
actual costs of completed work packages and forecast it
at the early stage, then they will obtain significant
information to efficiently arrange the resources and to
implement better strategies,

Commonly, a construction project has experienced cost
overrun due to the use of limited and deterministic
information and the inaccurate prediction of dynamic
uncertainties and changeable factors as a result from
complications of project circumstances at the starts. The
proposed methodology in this paper contributes to
modifying the costs of all work packages to be completed
corresponding to reported cost data from completed work
packages. Such revisions provide project managers with
valuable information for embodying strategic
management actions, and quantitatively analyzing project
cost performance at the desired confidence level,

To illustrate the use of the model, data from a small
construction project was employed and validated. The
results show a consistent contingency strategy by keeping a
specific risk level of cost overruns throughout the project
executions, Further, these results confirm that the reduced

uncertainties from increasing cost information had
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decreased the need for contingency. Consequently, project
managers can examine the decrease amount of contingency,
and thus, consider the potential to re—allocate project
fundihg elsewhere. With these strategic management
actions they can diminish the risks of cost overruns, In the
further study, there are challenges to create a universal
correlation function for all the construction projects and to
furnish a way to practically re—allocate decreased risks
resulted from the predicted variations,
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