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Cost management is a crucial component of construction project management, which assumes an increasingly critical role in modern
large-scale projects. Ideally, cost management is achieved through a comparison between the current cost and the predetermined cost
schedule. However, in real-world projects, it is often difficult to consistently obtain accurate costs for each cost item throughout the
project life cycle and to predict the probability of various risk occurrences. To address this challenge, we propose a novel building
information modeling- (BIM-) based algorithm to quantify the risk of cost overruns and cost deviation; and identify the primary
causes without a detailed cost breakdown. The role of BIM in our approach is to automatically extract precise quantitative
information that we can use to calculate the probability density function of the current cost and the expected total cost and eventually
combine reliability analysis to provide the risk probability. The numerical experiment demonstrates that this algorithm can estimate
the probability of cost overruns and cost deviation, and identify the primary cause of deviation. Additionally, the sensitivity
requirements for cost management can be adjusted by adjusting the parameters, indicating its potential to meet multiple require-
ments in the different projects. The proposed algorithm provides a method for detecting the current risk of cost overruns and cost
deviation, as well as identifying the primary cause of deviation, which is of potential value in the practical applications.

1. Introduction

Construction cost management plays a crucial role in facili-
tating project success within predetermined budget constraints.
However, the complex and uncertain nature of construction
projects poses great challenges for project managers in effec-
tively managing costs [1-3]. To ensure the smooth execution of
the project, it is imperative to prioritize cost management, with a
particular focus on assessing the risk of cost overruns. Currently,
numerous cost-management techniques exist, ranging from
the traditional bill of quantity (BOQ) to the recently popular-
ized building information modeling- (BIM-) based approach
[4-6]. While BOQ, activity-based costing (ABC), and the earned
value method (EVM) offer simplicity and clarity, they also
suffer from limitations such as time-consuming calculations,
proneness to errors, and limited accuracy [7]. Given BIM’s
inherent advantages of intuitive representation and precision,
it has become a cornerstone of digitalization in the construction
field. Furthermore, the integration of 5D BIM into practice
represents a promising advancement, offering a comprehensive

and integrated platform to enhance cost-management prac-
tices [8]. In contrast to traditional methods that primarily
focus on cost estimation and control, 5D BIM integrates cost-
ing data with existing 3D models and project schedules, thus
enabling thorough cost control and evaluation throughout the
entire project life cycle. In this article, we propose a novel prob-
abilistic approach for quantification of cost-overruns risk utiliz-
ing a 5D BIM framework, enhancing decision-making efficacy
among project management. This method capitalizes on the
accurate quantification of materials and the detailed scheduling
afforded by 5D BIM to determine the likelihood of cost overruns
and the extent of cost deviations during the entire construction
timeline. It obviates the need for reliance on labor-intensive
and error-prone detailed cost analysis, thereby facilitating a
more intuitive visual representation of the current financial
status for the project managers.

2. Literature Review

Accurate cost estimation and effective cost monitoring and
control are essential elements for achieving success in the
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construction projects. To achieve this, project managers
must choose a reliable cost-estimating system to establish
accurate budgets and develop comprehensive financial man-
agement plans. However, according to Jrade’s research [9],
the level of accuracy in cost estimation depends on factors
such as the chosen methodology, the availability of cost data,
and the degree of project definition. In traditional construc-
tion projects, obtaining cost statistics is often cumbersome,
time-consuming, and prone to errors as it requires manual
counting and calculation of the engineering quantities. Con-
sequently, this inefficient and inaccurate estimation makes it
difficult to implement cost control [1, 2]. In the next sections,
we delineate cost-management methodologies with a com-
parative analysis between those integrated with BIM and
those devoid of BIM. Furthermore, we will explicate the
concept of 5D BIM, examine the predominant challenges
encountered in contemporary research, and elucidate our
proposed method.

2.1. Non-BIM-Based Cost Management. In the domain of the
construction industry, there exist multiple cost-management
strategies that are not predicated on the integration of BIM.
These range from the conventional BOQ to the more con-
temporary ABC, as well as the EVM. Such methodologies
primarily rely upon the rudimentary computation of cost
items and are inherently deficient in their capacity to provide
an intuitive representation of the risk of cost overruns and
cost deviation. BOQ is an instrumental document within the
construction sector, offering a comprehensive enumeration
of materials, labor, and the projected volumes pertinent to a
construction project. It is instrumental in underpinning the
processes of cost estimation, risk mitigation, and financial
oversight, thereby ensuring the project’s completion within
the budget and in alignment with the project plan [10].
Characterized by a detailed inventory of cost elements com-
piled at the project’s inception, the BOQ confers a strategic
advantage for construction entities in the realm of invest-
ment control over the project [4]. ABC represents a costing
methodology that involves identifying activities within an
organization and allocating the cost of each activity resource
to all products and services based on their actual consump-
tion. ABC assigns costs to activities according to their utili-
zation of resources and has been shown to significantly
enhance the quality of cost management, particularly in
the realm of construction [11]. This method diverges notably
from other costing techniques, particularly in the manner in
which indirect cost units are assigned to activities based on
their actual causation, and in the allocation of activities to
specific cost items based on the intensity of their consump-
tion. Moreover, this approach empowers decision-makers to
pinpoint precise cost items and determine strategies for their
effective management [12]. The EVM constitutes a project
management technique designed to exercise control over
project cost performance and duration, enabling the identi-
fication of trends during execution and facilitating timely
corrective actions by the project manager. Notably applied
in construction, it underscores the regulation of project cost
performance and duration, thus finding widespread use in
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monitoring and governing project costs and schedules within
construction industry [13]. The EVM confers several advan-
tages in project management, encompassing enhanced cost
and schedule control, improved risk management, real-time
project monitoring, optimized resource management, and
seamless integration with the other project management
techniques [13, 14]. As a non-BIM-based cost-management
method, the EVM demonstrates superior performance and
enjoys extensive international adoption. However, tradi-
tional EVM may place greater emphasis on analyzing and
forecasting the overall project, potentially neglecting the per-
formance of internal activities, leading to appraisal conclu-
sions that diverge from the actual case [15]. It is pertinent to
note that while these methods are not predicated on BIM
usage, they can be effectively amalgamated with BIM to
achieve enhanced performance. Subsequently, the following
section will expound upon the evolution of cost-management
methods catalyzed by BIM.

2.2. BIM-Based Cost Management. As a digital method, BIM
has many more precise measurements compared to the other
traditional drawing-based cost-management methods, which
is why BIM has been applied in the cost management in recent
years. As stated by Eastman [16], the adoption of BIM results
in enhanced constructability, reduced project cost, and shorter
project duration. By utilizing the capabilities of BIM, particu-
larly in conjunction with the Industry Foundation Classes
(IFC) standards, construction models could be accurately
defined and modeled, with each element possessing semantic
attributes. BIM allows for the accurate capture and identifica-
tion of relationships among different components and ele-
ments, thereby facilitating the rapid and precise calculation
of the engineering quantities. A study conducted by Baba-
tunde et al. [17] highlighted the necessity of BIM applications
for quantity surveying and cost estimating, as evidenced by a
comprehensive analysis of literature, pilot studies, and a ques-
tionnaire survey involving 73 participants from Nigeria, con-
sisting of both BIM users and nonusers.

To attain efficiency and effectiveness in cost management
in construction projects, the implementation of automatic
high-precision quantities calculation within the BIM frame-
work becomes imperative. To achieve this, Lawrence et al.
[18] develope a new BIM-based estimating application named
Innovaya. This application collects design information and
associated BIM data, enabling automatic recalculation of assem-
bly quantities in the event of design revisions. The revised
assembly quantities are then semi-automatically updated and
exported to spreadsheets or integrated with a chosen cost data-
base for quantity calculation. Besides, they suggest updating
estimations when estimate changes occur, allowing users to
compare and reference estimates with BIM data and make
informed decisions on the necessary updates.

Similarly, Abanda et al. [19] investigate the development
of an ontology for cost estimation based on novel measure-
ment rules. The authors utilize the Navisworks software to
enable users to select quantification functions and access
standardized measurement catalogs. By importing the pro-
posed catalog, users can choose specific elements and estimate
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quantities accordingly. To evaluate the semantic effectiveness
of the ontology, six experts in cost estimation are consulted,
while the validation process involves the utilization of 4D BIM
modeling and the Manchester OWL syntax validator.

2.3. 5D BIM in Construction Project. It is worth mentioning that
both traditional methods and BIM-based cost-management
methods have a common drawback, which is the neglect of
the relationships between components, such as the need for
engineering to proceed in a certain order. To address this issue,
researchers have integrated the schedule and cost into tradi-
tional 3D BIM and proposed the concept of 5D BIM. Many
research studies have underscored the theoretical and practical
benefits of employing 5D BIM [20-23], including overall cost
reduction and control, the ability to swiftly and flexibly estimate
costs and formulate living cost plans, and the enhancement of
cost-estimation precision and contract value savings. These
encouraging advancements in existing construction practices
have prompted considerable number of general contractors
and industry professionals to actively consider and adopt 5D
BIM, due to its immense potential to elevate cost management
and project success. Reports from McGraw Hill [23] construc-
tion confirmed the widespread adoption and utilization of BIM
within the construction industry.

However, project cost management involves more than
just estimating costs; it utilizes cost information to effectively
plan, monitor, and supervise costs. Research suggests that the
utilization of 5D BIM that combines BIM calculation with a
detailed construction schedule will result in a comprehensive
cost plan for the project, improving accuracy and transpar-
ency, ensuring budget adherence, and achieving effective cost
control. To enhance cost control in construction projects,
Wang et al. [24] present a novel approach that integrates
three-dimensional BIM objects with schedule and cost, leverag-
ing BIM for data acquisition and storage. Through the utiliza-
tion of a four-step model that incorporates BIM objects,
construction progress curves are established while search cri-
teria are defined to enable accurate identification of takeoff
objects and extraction of quantities of cost items associated
with each activity. The BIM system further enhances effi-
ciency by employing keynote, assembly code, and family
type catalog functions, facilitating the precise identification
of cost items linked to individual objects and minimizing
errors in manual typing. Consequently, their proposed model
exhibits superior reliability and precision in extracting and
allocating quantities to activities, thereby outperforming con-
ventional control methodologies.

A similar study was conducted by Alrashed and Kanta-
maneni [25] in Saudi Arabia to develop and evaluate the
application of 5D BIM in housing projects. They used a
two-path analysis approach, surveying participants’ opinions
on house styles and creating a 5D BIM model to estimate
construction costs. The researchers utilized ArchiCAD to
develop 3D CAD models and transferred them to Vico soft-
ware for material codes and unit rates. By automating calcu-
lations in Excel, they easily incorporated design changes and
created the final bill of quantities. The study found that
traditional cost-estimation methods using tools like Excel

were less accurate compared to the new methods associated
with 5D BIM, resulting in more precise cost estimates.
Besides, the introduction of the proposed 5D BIM approach
also led to significant cost reductions by minimizing material
waste and time clashes during construction.

Such potential benefit of using 5D BIM for more efficient
and precise cost control is also explored in the study by
Vigneault et al. [26]. The researchers aim to develop an
innovative framework for 5D BIM solutions in the construc-
tion cost management. To evaluate the available 5D BIM
solutions, a systematic review approach was employed. Addi-
tionally, interviews with industry experts were conducted to
validate and provide feedback on the research findings. The
study analyzed 18 software or web solutions against five-key
areas of cost-management practices. Overall, the research
contributes to enhancing understanding and knowledge of
the current and future cost-management requirements in the
digital working environment, utilizing the available 5D BIM
solutions.

To enhance the integration of 5D BIM and quantity
surveying practices, the study conducted by Baldrich Aragé
et al. [27] tries to explore the deployment of BIM within the
architecture, engineering, and construction (AEC) sector in
Spain and its subsequent impact on quantity surveying prac-
tices. Employing a combination of literature review and qual-
itative analysis based on four case studies, the research aims
to identify the key aspects of new processes, roles, and skills
required by quantity surveyors in this BIM methodology.
The collected information was qualitatively analyzed after
coding from different sources. The research findings high-
light the importance of a comprehensive database and all
available information for the quality of quantity takeoff
and project cost estimation in a 3D model. The findings
also introduce a new role for quantity surveyors as cross-
disciplinary professionals to improve the process.

In addition to addressing cost control and engineering
quantity surveying, the study conducted by Amin Ranjbar
et al. [28] also directs attention toward cash flow management
within the construction industry, which remains a challenge
for contractors. The researchers recognize the importance of
this issue and aim to offer a simple BIM-based theoretically
sound framework. The proposed framework is designed to
accurately estimate project cash flow, considering payment
patterns for materials, equipment, human resources, and sub-
contractors, as well as contract-related attributes. Addition-
ally, it assesses the impact of risk factors on cash flow. The
study follows a methodological approach of developing a
proof of concept, using a case project in Iran to validate the
framework’s practicality. The findings contribute to the research
community by providing theoretical foundations and logical
procedures for a BIM-enabled cash flow management frame-
work, while also offering practical value for contractors in
predicting cash flows and making informed decisions in the
construction projects.

Moreover, the utilization of 5D BIM has also emerged as
a potential solution for enhancing construction duration and
cost optimization within the construction industry. A com-
prehensive research conducted by He et al. [29] has outlined



the combination of genetic algorithm (GA) and BIM to over-
come the prevailing limitations in the current methods
employed for construction period and cost-optimization
analysis. By analyzing the characteristics of changing con-
struction periods and costs, the study improves the genetic
mechanism and data processing method in GA. BIM tech-
nology is then integrated with GA to test the feasibility of the
model in real engineering projects. The findings demonstrate
that this new method is reasonable and effective in addres-
sing the complexity of period and cost optimization. GA
accelerates the optimization process and provides reliable
Pareto solutions, while BIM technology enhances the feasi-
bility of construction schemes by simulating the construction
process. This method offers architects the ability to quickly
make optimal construction period/cost decisions based on
previous data and visualizes the construction process with a
dynamic schedule of the project.

The study by Juszczyk et al. [30] delves into the potential
integration of artificial intelligence (AI) into the domain of
cost management within the construction industry. Specifi-
cally, the research endeavors to develop a novel simulation
technique employing a large ensemble of neural networks to
accurately forecast construction costs for sports fields. This
method distinguishes itself from the conventional neural
network applications by utilizing multiple networks within
the ensemble model. The investigation concentrates on the
assessment of four predictors or models, uniquely tailored to
incorporate sports field characteristics and construction
costs. Among these, two ensembles, namely ENS 1 and
GEN 2, incorporate networks with distinct architectural con-
figurations and activation functions, whereas ENS 3 and
GEN 4 are constructed using networks featuring comparable
architectures and activation functions. Additionally, the
study highlights the advantages of employing BIM models
for expedient data extraction, which provides the necessary
information for the cost analysis models.

2.4. Objectives and Paper Structure. Obviously, cost manage-
ment throughout the project life cycle is imperative. Most
existing studies have primarily concentrated on cost estima-
tion, scheduling, and optimization in the early stages of pro-
jects [31-33] while giving less attention to cost control and
decision-making during project execution. Owing to the
inherent uncertainty surrounding costs throughout the engi-
neering process, achieving cost control necessitates the prob-
abilistic analysis of costs, employing probability distribution
methods to depict the existing cost scenario. Simultaneously,
to facilitate informed decision-making by the project man-
agers, employing proper methods becomes essential to pin-
point the primary sources contributing to the cost issues.
Although current applications of 5D BIM can provide a
cost schedule that can serve as a reference for decision-
making, the inherent inaccuracy of quantity takeoff, and
BOQs introduce inevitable uncertainty into the cost sched-
ule. When actual costs deviate from the planned costs, it
becomes important to determine whether this deviation is
an abnormal risk or a normal fluctuation. Addressing these
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challenges requires the adoption of reliability analysis in
the context of construction projects. Reliability analysis has
proven effective in other engineering disciplines, such as
structural and soil engineering, and recent research has also
incorporated it into progress management. Hence, it is worth
speculating whether reliability analysis can also be applied to
cost management. Reliability analysis serves as a method
employed to appraise the capacity of a system or component
to execute its designated functions under specified conditions
for a defined duration. This method encompasses a range of
techniques to evaluate the reliability of diverse systems,
including fault tree modeling, data-driven analysis, and hier-
archical Bayesian network modeling. The primary objective is
to ascertain the likelihood of failure and pinpoint potential
areas necessitating enhancement in the system’s reliability
[34]. Through the integration of reliability analysis, we can
evaluate and quantify uncertainties and risks linked to cost
estimates, material utilization, and project scheduling. Spe-
cifically, when failure probability is quantified, surpassing a
predetermined threshold signifies a heightened likelihood
of an impending issue, mandating immediate remedial
action.

Therefore, as the primary research objective of this study,
a novel probabilistic approach is designed to help project
managers in identifying potential sources of cost overruns,
enabling them to take proactive measures. Then, to support
this algorithm, a series of data collection workflows is devel-
oped to integrate information from BIM and onsite reports,
thereby bridging the knowledge gap between project plan-
ning and execution within the domain of cost management.
Additionally, a representative case study conducted in China
is introduced, to preliminarily validate the practical viability
of this algorithm.

The extensive review of existing literature has demon-
strated that BIM could serve as an enabler for improved cost-
management practices. Moreover, these pertinent works
offer valuable perspectives and knowledge in this area. Nev-
ertheless, it is imperative to underscore the scarcity of
research dedicated to conducting a comprehensive assess-
ment of the uncertainty linked to cost control measures,
while uncertainty is the inherent nature of construction pro-
jects. This research gap is further accentuated by the need to
establish methodologies that effectively align precise material
measurement tools with cost management, mitigating uncer-
tainty in the construction projects and accurately depicting
the prevailing cost scenario. Such a research gap leads to
flawed results and ultimately an inadequate evaluation of
the project success. To address these challenges, there is a
need to develop a more flexible probabilistic method that
utilizes progress data in conjunction with a progress moni-
toring system. In this study, we attempt to develop a proba-
bilistic approach for progress evaluation to quantify the risk
of schedule delays. This algorithm effectively combines on-
site management processes with reliability analysis techni-
ques, to provide project managers more efficiency and com-
prehensibility. The four primary research objectives are
enumerated as follows:
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(1) Construct the correlation between cost and design
models and progress without resorting to a detailed
cost breakdown.

(2) Establish a numerical relationship between the expected
current cost and the expected total cost with the cur-
rent time.

(3) Quantify the risk of cost overruns and cost deviation
and set warning thresholds.

(4) Determine the primary cause of cost exception.

The organization of the rest of this paper is summarized
as follows: Section 3 provides the problem definition and
then delves into the details of our mathematical model under
necessary assumptions, emphasizing how we combine the
theoretical data from BIM with the progress to estimate costs
and make them probabilistic. This section also explains how
we determine the primary causes when cost deviation occurs.
Section 4 presents the implementation of the BIM-based
project cost-management scheme. Section 5 demonstrates
the application of our approach in four different cases based
on a real-life construction project. Then, we discuss and
analyze the results presented in Section 5; and further derive
contributions and limitations of our method and present our
conclusion in Section 6.

3. Methodology

3.1. Problem Definition. Risk can be described as the objective
uncertainty and consequences resulting from unexpected occur-
rences. In our case, risk in construction projects is mainly
manifested in total cost overruns and cost deviation, which
can significantly impact the project’s progress. Therefore, it is
necessary to monitor the cost throughout the project life cycle,
warn of possible risks and further locate the causes when risks
may occur. Specifically, due to various uncertainties in the
construction that we will explain below, problems can be
expressed as Equations (1) and (2):

P(ETC(t) > Budget) > a, (1)

<|SCC(t) — ACC(t)]

sccry 2 5) zp, 2)

where ETC(#) represents expected total cost at the end of the
project and SCC(t) and ACC(¢) represent scheduled current
cost and actual current cost at time ¢.

To express our belief that the discrepancy between the
scheduled cost and the actual cost at time ¢ within a specific
range is acceptable, we have introduced a parameter § and

have adopted P(% > §) as the check value, which

indicates the probability of the relative error of the actual cost
from the scheduled exceeding a specific range. Compared to
directly calculating P(SCC(t) > ACC(t)), our method permits
more precise control of the admissible error and warning
threshold, which is more effective when we desire to control
costs in different aspects. Moreover, @, f, and & are all

adjustable hyperparameters that control the sensitivity of the
algorithm.

Therefore, the question is how to estimate ETC(¢) and
SCC(#); and calculate the probability density functions P

(ETC(t)) and P(%&Sw). In our method, we have intro-

duced expected current cost denoted as ECC(#) to the calcu-
lation of ETC(¢), which is also helpful for the cost-deviation
analysis.

It should be evident that we can aggregate all the cost
items at time t to obtain the total cost and compare it to the
scheduled cost to determine the risks. However, in reality,
during the project, it is often challenging to acquire all the
accurate real-time data necessary to predict the cost at the
end of the project and calculate the deviation. To address this
issue, we propose an estimation and calculation method
based on BIM to assist with cost management. In our model,
project P is composed of a series of tasks P, and each P,
consists of small cost items Py, where i and j are positive
integers. Hence, P;; can represent all cost items of the project.
It should be noted that P;; may correspond to the same type
of cost item for different i and j, but this does not impact our
mathematical model. Subsequently, SCC(t), ECC(t), and
ETC(#) can be described by Equations (3)—(5):

sCC() =% (Cyi x 24(t)), (3)
ECC(t) =2 % (Cij X l;j(t))’ (4)
i
ETC(t) = ACC(t) 4 (ECC(tena) — ECC(1)), (5)

where C;; denotes the cost of Py, and f.,q represents the end
time of the project. 4;;(t) and 2;;(t) signify the scheduled cost
percentage and actual cost percentage of Pj; at time . Assum-
ing that all unfinished tasks will be completed as planned,
ECC(t.,a)—ECC(?) signifies the estimated value of the latter
cost required in Equation (5), so the sum of ACC(#) and ECC
(tena)—ECC(2) signifies ETC(t). Additionally, if the schedule
is modified, the entire model must be updated to ensure the
validity of the definition. Next, we consider how to esti-
mate Cj;.

Assuming that all costs such as material costs, labor costs,
and mechanical costs are integrated into unit prices p;; for
each cost item, indicating Cj; can be computed using
Equation (6).

Cij = q; X pij» (6)

where g;; is the quantity of P;;. Since p;; can be provided by
experts, C;; can be estimated using Equation (6), and 4;(t)
can be computed using the schedule, then the question
focuses on how to obtain the quantity of each P;;. Naturally,
we considered using BIM to calculate the quantity for each
cost item; however, it is not reasonable to use theoretical
quantity data from BIM directly due to manufacturing losses.
For example, losses are caused by cutting original materials



due to the need for different sizes of rebars in actual engi-
neering. Additionally, cement always consumes more than
expected due to processing technology and construction site
conditions. Besides, due to progress advances or delays, the
actual quantities will vary from the schedule, which also
contains uncertainty. Furthermore, it is demanding to mea-
sure the detailed quantities consumed of each cost item at
each time point; therefore, we need to estimate quantities
with the assumption of their distribution. In our method,
based on BIM data, we have manufacturing losses correction
and progress exception correction to evaluate the actual
quantities in progress of the project.

3.2. Quantity Correction. In this section, we seek to explain
the process of revising theoretical and scheduled quantities,
particularly in the context of the natural uncertainty inherent
in construction projects, which primarily manifests as quan-
titative uncertainties in our approach. Given that the quan-
tity derived from BIM does not always align with the actual
consumption on site, it is necessary to execute a quantity
correction process. Additionally, as the actual progress may
deviate from the scheduled progress, the quantity also needs
to be revised. To address these two sources of potential
exceptions, we utilize distinct methods for their correction.

3.2.1. Manufacturing Losses Correction. Taking the losses of
materials into account, the expected quantity for each cost
item Pj; should be greater than its theoretical value, and it is
intuitive to introduce the parameter k;; to describe the ratio
of the expected quantity to the theoretical value. Consider
the fact that the types of materials and the processes and
construction sites differ, the material loss rate is not uniquely
determined, but rather a random variable with a certain
degree of randomness. Under the assumption that k;; follows
a normal distribution with a mean of y;; and standard devia-

tion o, the corrected scheduled quantity of Pj;, which we
denote as g, can be expressed as Equation (7):
qij = ki X g, ky ~ !/V<:“ijv 612]')' (7)

It is worth noting that the parameters of k;; can be ini-
tially estimated by experts and updated with data from actual
engineering projects to obtain a better estimation perfor-
mance. Through this approach, we achieve the correction
for manufacturing losses.

3.2.2. Progress Exception Correction. Obviously, if the pro-
ject’s progress deviates from the schedule, the consumption
of materials will also vary, which can lead to cost exceptions.
Before comparing with the actual current cost, it is necessary
to calculate the scheduled current cost, which requires calcu-
lating the scheduled quantity of each cost item Pj;.
Assuming that all cost items in P; are carried out simul-
taneously and materials are consumed linearly, with start
time st; and end time et; equal for cost items of the same
task (ie, st;=st;&etj=et; &A;=1;), we can use the
Equation (9) to obtain the scheduled quantity () of cost
item P;; and calculate SCC(#). Additionally, Equation (8)
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indicates how to calculate the scheduled quantity percentage
A;(t) at time ¢, and actual progress can be considered the
actual quantity percentage. While we desire to monitor the
deviation between SCC(f) and ACC(t), the progress of each task
can interfere with our assessment, for which reason, the quanti-
ties need to be revised based on the actual progress, which we
refer to the expected quantities §(t) using Equation (10). After
excluding progress exceptions, we obtain the expected quan-
tities, which can assist in analyzing the sources of errors.

0,t<st;
Ai(t) = ett.—_s; , st <t ety (8)
l,lt>etli
qi;=A4i(t) xq,(1). (9)
q ;=) xq,(1). (10)

3.3. Cost-Overruns Detection. In this section, we utilize the
expected total cost calculated by our model and the budget to
perform a cost-overruns analysis. In previous sections, we
provided the expected total cost of the project at time ¢ as
Equation (5), from which we can see that to calculate ETC(t),
it is necessary to calculate ECC(#). Noting that ACC(#), A:(t),
and p; are constants at time t, while g; is considered a
random variable due to the uncertainty related to k,-]-, we have
explained that k;; follows a normal distribution that can
be described as Equation (7), which means that for each 4, j,
the distribution of C;; could be expressed as Equation (11). We
then obtain the distribution of the expected current cost at
time t as Equation (12) in virtue of the additive nature of the
normal distribution for independent random variables. The-
oretically, we can calculate the distribution of expected total
cost at time t using Equation (5) and its probability density
function P(ETC(#)). Furthermore, we can calculate the prob-
ability of overruns using Equation (13) and provide a warning
if Equation (1) is satisfied.

Cy(t) = 20k ()pg. Ky ~ (15 %)
~ -/V(gij(t)/"ij’ (glj(t)o-ij)z)’ 0;(t) = i(t)q;(t)py;,
(11)

ECC(t) ~ N <Zi:§6ij(t)uij, ;]Z (Gij(t)azj)2> , (12)

P(ETC(f) > Budget) = / * P(ETC(t))dETC(1).

Budget

(13)

In practical applications, we can calculate the reliability
constraint expressed as Equations (14) and (15), where @
represents the cumulative distribution function of the stan-
dard normal distribution, pgrc;y and ogre( signify the
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mean and the standard deviation of ETC(#), respectively. If
Pb > Th, it indicates that Equation (1) is valid.

Th = a, (14)
Budget —
Pb=@ oudget ~ Herc) . (15)
OETC(t)

3.4. Cost-Deviation Detection. Combined with Equation (12)
mentioned in the previous section, we can apply it to cost
deviation detection, which is the main focus of this section.
Since, we already have the distribution of SCC(t) and the

actual current cost ACC(t) at time f, calculating the proba-
£Iscc(-acc()
SCC(1)
sidering that there is likely an error between the scheduled
current cost and the actual current cost, we believe their error
is reasonable within a certain range. Therefore, we use
Equation (16) to calculate P(% >6), and if it is
greater than the threshold (i.e., Equation (2) is satisfied), the
current cost is considered unreasonable. In this situation, we
need to warn of the risks of cost deviation.

w o ACC(t)/1+6
P ( sCC() 25) =1 A e P(SCC(t))dSCC(t),
(16)

bility density function o is a natural idea. Con-

where P(SCC(#)) represents the probability density function
of SCC(t). Additionally, as in the previous section, we can use
@ for calculations, which is shown in Equations (17) and
(18), where pgcc(r) and 6gcc(y) signify the mean and the
standard deviation of SCC(¢). If 1-Pb’>Th’, it indicates
that Equation (2) is valid.

Th' =, (17)

ACC(t) ACC(t) _
Ph = | 1m0 HSCCH) ) _ g 1t Hsce(r) .
OsCC(t) OsCC(t)

(18)

3.5. Risk Reasoning. The goal of our work is not only to
identify risks but also to locate their source, which requires
additional analysis when warnings are issued. In our model,
cost deviation can only stem from quantity and progress,
meaning that at least one is flawed. Given the correlation
between the two, we need to separate their impact. If a risk
occurs, our method involves correcting the expected current
quantity based on the relationship between actual and sched-
uled progress, which we have detailed in the previous sec-
tions. Once corrected quantities are obtained, we calculate
the corrected expected current cost ECC'(t) the same way as
ECC(t), which we have used in the cost-overruns detection.
Thus, we conduct risk reasoning in two steps. First, we

7
System architecture
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modeler collector
t t istributi
Create schedule Collect progress Gt oo I?lstr{but}on
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calculator estimation
Cost plan Risk cause
generation analysis

Fiure 1: Basic framework of project cost-management scheme
based on our algorithm.

calculate P(% >6). If P(W >6)<p,

it indicates that the cost calculated based on the theoretical
quantity corresponding to the current progress is within a
acceptable range, so the main reason for cost deviation is the

%—I?“SC(I)\ > §)> 3, it indicates

that there is a problem with the quantity in addition to
progress because there is still a risk of cost deviation even
with normal progress. Then, we can further analyze the cur-
rent cost situation if the deviation is mainly caused by quan-
tity. If ugco(r) — Haccr) 20, then it can be considered that
there is a dangerous possibility of cutting corners because the
material consumption is relatively low under the expected
progress, which is very unreasonable and can be considered
as a risk. Also, if ppco(y) = Haccr) <0, then there may be

progress. Conversely, if P(

some degree of material waste. In this way, we complete
the reasoning of risks and cost monitoring by judging the
difference between ECC'(t) and ACC(t) and provide further
possible scenarios if there are problems with the quantity.
Additionally, since we only monitor cost, when there is a
deviation in both schedule and quantity under certain con-
ditions, the cost may behave as expected while actual con-
struction has deviated from the plan. Therefore, we also need
to combine schedule progress detection or other methods for
the cost management.

4. Implementation of BIM-Based Project Cost-
Management System

4.1. System Architecture. In this section, we present the imple-
mentation of the project cost-management scheme. Our novel
approach uses a web-based platform that facilitates project
scheduling, collects schedule and cost data, assesses cost-
overruns risks, and visualizes risks. Figure 1 depicts the archi-
tecture of the proposed system, which includes the following
key components.

(1) The Project Scheduling Module: This module is
responsible for creating and managing project plans,
including establishing the work breakdown structure
(WBS), specifying task lists, setting up schedules, and
developing project budgets. This information would
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FiGure 2: Illustration of integration of BIM quantities, WBS, and project cost.

generate a cost plan that serves as the baseline for
project execution.

(2) Data Collection Module: This module is used to col-
lect the progress and cost data from the project per-
sonnel. It provides a user-friendly interface that allows
users to update project schedules and cost informa-
tion easily. This data can then be used for subsequent
analysis and visualization purposes.

(3) Risk Assessment Module: This module automatically
assesses cost overruns risks based on the collected
data. Our proposed statistical algorithm is used in
this module to analysis the data and identify poten-
tial risks. It will generate quantitative risk assessment
by taking into account various factors, including the
current status of project execution, project quantities,
and cost plan.

(4) Visualization Module: This module is designed to
provide a visual representation of the risk assessment
results. It utilizes charts, dashboards, and other visu-
alization tools to enable users to visualize the status
of a project overruns risk. These visualization results
not only assist the project team in obtaining a compre-
hensive understanding of the current status of the proj-
ect but also enable them to make informed decisions
and necessary adjustments based on the assessment.

4.2. Data Integration. Quantity estimation is the basis of
cost management and usually requires experienced project
managers to conduct detailed assessments and measure-
ments to estimate task duration based on drawings. How-
ever, this process can be very time-consuming and difficult,
especially when the design changes and requires a complete
recalculation of the relevant quantities. Therefore, develop-
ing an algorithm that automatically generates task duration
estimates is key to increasing productivity and simplifying
the estimation process.

In our design, we adopt the entity—relationship (E-R) model
to model components and cost items connected by specific
relationships. To implement this model, we build predefined
component templates. When we instantiate a template or
modify instance parameters, the relevant parts recalculate
the quantities and update the connections. The scheduler
then indexes these connections and automatically aggregates
the quantities based on the corresponding cost items to gen-
erate a cost item list. The calculated quantity is multiplied by
the price and then summed to obtain the total cost of the
project or task. This mechanism ensures that we always have
the latest quantities and planned costs. This process is shown
in Figure 2.

4.3. Dynamic Risk Analysis. During the execution of a proj-
ect, it is essential to record regular updates on progress and
cost. Recorded progress and cost information not only
enable project managers to keep track of the project’s status
but also allow them to make informed decisions about devi-
ation correction, resource allocation, and future planning. As
shown in Figure 3, in our design, progress reporting includes
three elements: “scope,” ’progress,” and “progress acceptance”.
“Scope” specifies the scope of the reported work within the
WBS. ”Progress” refers to the level of workload completion at
any given time. Each submission generates an acceptance
process for supervisor acceptance, and only the reported
and accepted workload is recorded. Additionally, up-to-date
total cost is regularly collected for comparison with the planned
cost, providing data for the following assessment process.
After that, the planned current cost is estimated by col-
lected progress data using the algorithm mentioned above,
and compared to the real current cost, which is collected
regularly from a project personnel. Our algorithm will give
a probable range of current cost according to the cost plan. If
the actual cost is out of this range, then an alert will be sent to
the project managers. Besides, our algorithm of cost-
overruns detection will also estimate the distribution of total
cost given existing cost data. If the cost-overruns probability
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FiGure 3: Illustration of data collection and risk analysis. In this workflow, progress and cost data are collected and applied to our algorithm,
which identifies the potential risk of cost overruns and cost deviation. By integrating cost history and algorithm prediction, advice can be

provided to managers.
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FIGURE 4: Schematic representation of risk analysis. In this diagram, our approach executes cost-overruns detection procedures to identify
potential cost overruns based on schedule, progress, and current cost. Cost-deviation detection is implemented to estimate the occurrence of
cost variances, and then risk reasoning techniques are applied to determine the primary causal factors if there is an exception.

exceeds the predefined threshold, an alert from our system
will remind project managers to take actions and help them
to identify the potential cause by deviation detection and risk
locating. This process is shown in Figure 4. And the flow-
chart of the two processes are shown in Figure 5.

5. Experiment and Results

To verify the efficiency and reliability of the BIM-based cost-
management method, we employed data from a medical
building construction project in Wuhan, Hubei Province.
We extracted the construction schedule and theoretical mate-
rial usage for each cost item from the BIM platform, and then
tested the algorithm using hypothetical data. The BIM-derived
scheduled data are displayed in Figures 6 and 7 and Table 1.

In this paper, we established the parameters in Tables 2
and 3. Subsequently, we conducted simulation experiments
with various hypothetical current progresses and current costs.
We used four different datasets to validate the approach which
we have developed, and the results were compiled in Table 4
and Figures 8—11. It should be noted that these datasets come
from different stages of the same project, and their Gantt
charts are shown in Figures 8—11.

Next, to investigate the influence of ¢ in the algorithm,
we adjust 6 and conduct experiments based on Case 3. The
parameters and corresponding results are shown in Table 5.

6. Discussion and Conclusion

6.1. Discussion. From the results presented in the previous
section, we can discuss the following points.

In the individual cases, Case 2 exhibits cost deviation
mainly due to excessive consumption of materials; Case 3
indicates cost deviation mainly caused by progress excep-
tions; Case 4 indicates there is a 39.98% chance of cost over-
runs and a 21.83% probability of cost deviation, signifying a
definite risk of cost overruns. Using our method, there is a
21.09% probability of cost overruns and a 99.99% probability
of cost deviation in Case 2, and there is still 2 99.99% proba-
bility of deviation after excluding progress factors, leading us
to determine that the cost deviation is mainly due to exces-
sive consumption of materials. In Case 3, our algorithm gives
a2.29% chance of cost overruns and an 83.86% probability of
the cost deviation. After excluding schedule factors, the
probability of deviation jumps to 24.02%, signifying that
the cost deviation is mainly caused by progress exceptions.
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FiGure 5: Flowchart of overruns detection and deviation detection. From this flowchart, in the preparation phase, we set parameters like k;;, p;;
and input necessary schedule data as well as actual cost and progress. Then in the preliminary calculations phase, we perform some
precalculations required for the subsequent judgment algorithm. Next, we can conduct overruns detection and deviation detection. The

formulas involved in the steps are all marked in the figure.
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FIGURE 6: Construction schedule.

Next, in multiple cases, Case 1 and Case 4 demonstrate
that our algorithm can identify the risk of cost overruns
without requiring detailed cost data during construction.
Additionally, from Case 1 and Case 2 to Case 3, our algo-
rithm is capable of detecting the risk of cost deviation. The
results of Case 2 and Case 3 suggest that the algorithm can
pinpoint the primary cause of current cost deviation based
on different situations when errors occur. The results of
Case 2 and Case 3 to Case 4 indicate that our algorithm

can simultaneously detect cost overruns and cost deviation.
Through Case 1 to Case 4, we have validated the effectiveness
of our algorithm in cost management and its ability to pro-
vide valuable insights for reference throughout different
stages of the project cycle.

Moreover, based on the above cases, even in the absence
of cost-overruns warnings, it does not imply that cost is
proceeding according to plan (Case 2 and Case 3), indicating
that reliance on the risk of cost overruns alone cannot
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TasLE 1: Scheduled material. TaBLE 2: Algorithm parameter settings in case study.
Task name Concrete (m’) Steel (m?) Rebar (m?) Parameters in algorithm
Section A B2 383.364 0 4.600368 a 0.32
. Threshold
Section A Bl 420.701 0 5.048412 p 0.32
Section B B2 855.273 0 10.263276 Accepted range ) 0.5
Section B Bl 822.997 0 9875964 Budget Budget 200
Section C B2 1,091.306 0 13.095672 The unit of budget is million yuan (CNY).
Section C Bl 1,554.421 0 18.653052
Section D B2 1,032.931 0 12.395172
Section D Bl 1,235.256 0 14.823072 TaBLE 3: Material parameter settings in case study.
Sect%on AF1 41.082 215.185 0.246492 Parameters in material
Section A F2 0 204.203 0 Material type Concrete Steel Rebar
Section A F3 2.296 174.329 0.013776 12 12 12
Section A F4 16.515 165.99 0.09909 s 0'5 0'5 0'5
o . . .
Section A F5 6.318 161.718 0.037908 Pri 450 27 846 36.895
T > >
Section A F6 11.399 162.345 0.068394 ~
Section A F7 6351 158.392 0038106~ heunitof price is yuan (CNY).
Section A F8 6.003 159.327 0.036018
Section A F9 81.103 163.361 0.486618
Section B F1 14.803 263.164 0.088818 determine whether the current cost is being implemented as
Section B F2 0 299,953 0 planned, which is why we introduce cost-deviation detection
Section B F3 13.086 263.409 0.078516 into our algorithm. Another noteworthy aspect is that if the
Section B F4 36.639 191.355 0.519834 consumed quantity is less than expected and the progress is
Section B F5 4563 183.254 0.027378 faster than expected or vice versa, cost-overruns detection
Section B E6 71' 109 ) 89'051 0' 126654 may fail (Case 2 and Case 3), but deviation detection will still
Section C F1 50791 214795 0.304746 1deqt1fy the current proble.m and fu.rther classify itas either
Section C F2 0 223335 0 cutting corners or excessive material consumption by the
ection . .
) mean value of ECC(t). Meanwhile, we can also find that
Section C F3 21.313 223.991 0.127878 . .
, even if the cost follows the plan, there may still be cost over-
Section C F4 25.23 228.924 0.15138

runs (Case 4), which could be explained by a relatively
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TasLE 4: Hypothetical data and results.

Item Case 1 Case 2 Case 3 Case 4
Time and cost Days 40 80 120 160
Current cost 4 25 50 150
Section A B2 1.0 1.0 1.0 1.0
Section A Bl 0.15 0.76 1.0 1.0
Section B B2 1.0 1.0 1.0 1.0
Section B Bl 0.15 0.49 1.0 1.0
Section C B2 1.0 1.0 1.0 1.0
Section C Bl 0.09 0.32 1.0 1.0
Section D B2 1.0 1.0 1.0 1.0
Section D Bl 0.1 0.59 1.0 1.0
Section A F1 0 0 1.0 1.0
Section A F2 0 0 1.0 1.0
Section A F3 0 0 1.0 1.0
Section A F4 0 0 0 1.0
Section A F5 0 0 0 0
Progress of each task Section A F6 0 0 0 0
Section A F7 0 0 0 0
Section A F8 0 0 0 0
Section A F9 0 0 0 0
Section B F1 0 0 1.0 1.0
Section B F2 0 0 1.0 1.0
Section B F3 0 0 0.5 1.0
Section B F4 0 0 0 0.72
Section B F5 0 0 0 0
Section B F6 0 0 0 0
Section C F1 0 0 1.0 1.0
Section C F2 0 0 1.0 1.0
Section C F3 0 0 0.31 1.0
Section C F4 0 0 0 0.49

False (12.63%)
False (26.82%)

Results Overruns deviation reasoning

False (21.09%)
True (99.99%)
Quantity (99.99%)

False (2.29%) True (39.98%)
True (83.86%) False (21.83%)
Progress (24.02%) —

Next, to investigate the influence of & in the algorithm, we adjust 6 and conduct experiments based on Case 3. The parameters and corresponding results are

shown in Table 5.

insufficient budget in the project or perhaps by overly strict
parameter settings in our algorithm, resulting in excessive
risk assessment of cost overruns. Evidently, @ and f are
only thresholds controlling whether a warning is given and
do not affect the calculation process of the algorithm. In
contrast, 6 directly impacts the calculation of Equation (16),
meaning it has a different effect from « and f. It can be
concluded that the smaller values of & or f§ result in a higher
sensitivity of the algorithm to anomaly detection. Then, we
discuss the role of § in the deviation detection.

Given that 6 only participated in the cost-deviation
detection, it can be observed from Table 4 that the cost-
overruns detection remained unchanged in all three cases,
but there were significant differences in the deviation detec-
tion. The results suggest that 6 does not only affect the cal-
culation of risk probability but also impacts the judgment of
deviation reasoning. In other words, in our algorithm, &

represents the acceptable range of cost deviation, meaning
that a larger 6 indicates allowing for a larger deviation range,
and a smaller § increases the likelihood of the algorithm judg-
ing the deviation as a quantity problem due to the larger value
of Equation (16) after excluding progress exceptions. Another
notable aspect is that the 6 should not be too small since this
can make the algorithm extremely prone to giving deviation
warnings. Consider the cases where 6— 0 ort § — 1, the algo-
rithm would almost always or never give an exception, which
renders the algorithm meaningless. Therefore, parameter
selection is also an essential component of the algorithm.

By treating the quantity of material consumption as a
random variable, we have determined the current expected
cost and the expected total cost and evaluated the risk of cost
overruns and cost deviation based on their probability den-
sity function and the actual current cost. In our method, risks
were quantitatively evaluated without employing detailed
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FIGURE 9: Current progress of Case 2.

cost of each cost item. Through the probabilistic approach,
we can achieve scientific and quantitative cost management.

6.2. Conclusion. Our case study has shown that the proposed
system and algorithm are effective and practical in the real-
world applications. Through the case study presented above,

we have established that our approach can accurately detect
cost overruns and cost-deviation risks and provide primary
causes. Compared to the traditional method of simply summing
all cost details and making human judgments, our approach
does not require the input of managers’ experience, and our
algorithm is also more scientific and intuitive. Additionally,
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FIGURE 11: Current progress of Case 4.
TaBLE 5: Results of different § on Case 3.
Parameters Overruns (%) Deviation (%) Deviation* (%) Reasoning
Case 3.1: =0.32, /=0.32, 6=0.5 2.29 83.86 24.02 Progress
Case 3.2: =0.32, /=0.32,6=0.2 2.29 96.49 75.36 Quantity
Case 3.3: =0.32, /=0.32,6=0.8 2.29 10.31 — —

Deviation* refers to the deviation probability without progress exceptions.
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different parameters in the algorithm can also significantly

affect the results, and managers can adjust them based on their

sensitivity requirements for the project cost management.
Our main contribution is listed below:

(1) We transformed the consumption of various materi-
als of each cost item into random variables, com-
puted expected current cost and expected total cost
to achieve cost estimation, and laid the foundation
for subsequent analysis.

(2) We introduced the reliability analysis method into
the field of cost management and combined it with
cost distribution to provide the probability of differ-
ent risks, achieving a quantitative analysis of the risk
probability.

(3) Our approach integrated BIM theoretical data and
on-site construction progress to achieve full process
monitoring of construction cost management, pro-
viding project managers with continuous and reliable
cost-risk assessment.

(4) Our research introduced a novel approach for quan-
tification of cost overruns and cost deviation risks
and determination of the primary causes, and some
parameters in the method can be continuously updated
in practice, making the algorithm more accurate in
predicting construction project costs.

However, there are still some limitations of our method:

(1) Our research is based on several assumptions that may
not entirely align with reality and could be improved.
For instance, considering that k may not strictly follow
a normal distribution, the algorithm may also have a
certain level of deviation. Additionally, the consump-
tion of various materials within a cost item may not
occur simultaneously or linearly, which can also influ-
ence our approach especially in identifying the origin
of risk. Although this does not impact the effectiveness
of our algorithm, accounting for these aspects could
make the algorithm more accurate and robust.

(2) An additional area for improvement is the lack of
consideration for the temporal relationship in our
method, which is because our algorithm does not
analyze the relationship between the previous time
and the current time. The timing relationship is
another direction to improve the accuracy of cost-
management algorithms. For example, if there is a
cost-overruns warning at the current time when the
previous was none, it could indicate that the excep-
tion was caused by the cost items during this period
and thus more accurately locate any abnormalities.

(3) Our cost-overruns detection algorithm may theoret-
ically fail in specific situations. For instance, when
material consumption is significantly higher than
expected while progress is delayed, the expected total
cost may appear normal, causing our algorithm to
potentially misjudge such exceptions. This probabil-
ity is why our algorithm needs to be combined with
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progress or cost-deviation detection to eliminate
such failures.

Cost management is a crucial component of construction
project management, and it is also complex due to the diffi-
culty of consistently obtaining accurate costs for each cost item
throughout the entire project life cycle. To address, the chal-
lenge of whether there are risks and the probability of risks in
cost management, we propose a novel algorithm to quantify
the risk of cost overruns and cost deviation and identify the
primary causes of exception. The results of our research show
that our approach can effectively identify cost-related risks and
determine their possible impact on a construction project. The
main conclusions can be drawn as follows:

(1) Our study presents a novel probabilistic approach for
quantification of cost-overruns risk and determina-
tion of the primary causes. We use the method of
probabilistic material consumption for each cost
item to calculate the current cost distribution and
further estimate the expected total cost. Then, based
on the probability distribution, combined with reli-
ability analysis methods, obtain probability indica-
tors for risk, which serve as the basis for our risk
warning. If any abnormalities occur, the current
scheduled cost will be revised based on the progress
and compared with the actual cost again to locate the
cause of the abnormality. Our case study demon-
strated the efficiency and reliability of this method
and discussed the influences of parameter settings.

(2) In our study, we propose a novel approach for esti-
mating cost distribution, which enables managers to
quickly and intuitively grasp the current project cost
situation. The algorithm can serve as an effective
reference for the project managers to make decisions,
significantly reducing the experience requirements of
the project managers. Additionally, the algorithm
can adjust parameters according to actual needs
and continuously update in practical use to obtain
more accurate prediction results.

(3) We introduce a novel cost-management system that
applies a probabilistic approach for the detection of
cost exceptions. The proposed system combines BIM
with probability theory and reliability analysis to
quantitatively assess the risks of cost overruns and
cost deviation. The system also utilizes BIM informa-
tion and computational capabilities to provide accu-
rate material data for each cost item, enhancing cost-
estimation accuracy. BIM also plays a crucial role in
visualizing the analysis results, enhancing compre-
hension and perception. The effectiveness and intui-
tiveness of the proposed system have been validated
in our practical experiments.

Data Availability

The data used to support the findings of this study are
included within the article.
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