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Abstract

Purpose — The objective of this paper is to develop an efficient project management system to track
and control construction activities for contractors and/or project managers.

Design/methodology/approach — The work package model is utilized to break down project data
into activities and work tasks. The data structure of a project is represented using the
entities-relationship methodology. A relational database stores all of the project data. The earned value
method calculates the cost and schedule variances. The internet-based platform with three-tier
client-server architecture is chosen for system implementation.

Findings — The developed project database stores all of the project data necessary to perform project
control functions. The implementation of the project database management system is efficient. The
developed system provides real-time data sharing and a collaborating environment in support of
project control.

Originality/value — Time and cost control are essential management functions for achieving
successful delivery of engineering, procurement and construction (EPC) projects. The developed
system can assist contractors and/or project managers in tracking and control of their construction
projects in a real-time manner.

Keywords Database management systems, Internet, Project management, Construction industry
Paper type Research paper

Introduction

Database management systems (DBMSs) are essential in supporting project tracking
and control functions. A database provides a platform to organize, store and retrieve
the planned and actual performance data of projects in a logical and efficient manner.
The DBMS queries the stored project data using SQL (structured query language) to
generate different management reports for control purposes. It follows that the design
of the database should follow a well-defined structure to support the tracking and
control of individual tasks at different levels of reporting. The data structure should
also facilitate the linkage of those individual tasks to their respective construction
trades. A work package model is commonly used to describe the data structure of a
project. The work package is a general expression that represents a well-defined scope
of work that usually terminates in a deliverable product. It includes activities and tasks
within those activities as depicted in the work breakdown structure (WBS) shown in
Figure 1. The WBS is generally configured in accordance with the way the work will be
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performed and reflects the way in which project costs and data will be summarized and
eventually reported (Kerzner, 1995).

The application of DBMSs for project control has been explored by a number of
researchers. Abudayyeh (1991; Abudayyeh and Rasdorf, 1993) developed a DBMS to
support automated cost and schedule control functions. He used the work package
model to represent the project data. His system, however, only supports the application
of earned value for progress reporting. The earned-value method (Canadian General
Standards Board, 1999, Department of Defense, 1967) integrates time and cost to
overcome the limitations of traditional control methods, which use the cost as the only
indicator for the performance of a task. The method is widely accepted as an integrated
project control tool (Fleming and Koppelmam, 2000). However, this method only tracks
cost and schedule variances, and neither supports reasoning to explain unacceptable
performance nor advises on possible corrective action(s). To overcome those
limitations, DBMSs have been used in conjunction with knowledge-based expert
systems for project control. Diekmann and Al-Tabtabai (1992) presented a
knowledge-based approach for project control. In their system, a single form is used
to store data pertinent to individual work packages. Their control functions focus on
individual work packages. Fayek et al. (1998) proposed a prototype rule-based expert
system to improve project control. Two forms of data — one related to activities, the
other related to the project — are defined to map the data structure of a project. The
developed system can be implemented at project and activity levels. Moselhi et al.
(2001, 2002, 2004) proposed a web-based system for project control of control objects.
An object-based model is proposed to integrate the project data in support of project
control functions. The developed system can be implemented at project, control-object,
and resource levels. However, none of these systems are web-based, except those
proposed by Moselhi et al. (2001, 2002, 2004). They neither support performance control
of a project on remote sites nor provide the ability to share information. This paper
presents an internet-based database management system designed to support
contractors and/or project managers in tracking a project’s progress. The paper
focuses primarily on the system database, which provides a high degree of flexibility
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Figure 1.
WBS and Control-object
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Figure 2.
System layout

through its data structure to support three-level project control. The paper also
presents a numerical example to demonstrate the use of the developed system and to
illustrate its essential features.

Overview of the developed system
The developed system consists of seven main components:

(1) user interfaces;

DO

)

) input/edit;
) evaluation;
) reasoning;
)
)

SIS

forecasting;
6) reporting; and
7) databases.

—_ =

The system is shown in Figure 2. The user interface provides a viewing/input window
that allows users to interact with the system through the worldwide web using an
internet browser; the input/edit is a data input, update and delete component that is
developed to facilitate data entry and edit; the evaluation component assesses the cost
and schedule variances using the earned-value method (Canadian General Standards
Board, 1999; Department of Defense, 1967); the reasoning component diagnoses
possible reasons behind the variances through a set of built-in indicators; the
forecasting component predicts the project’s time and cost at completion; the reporting
component generates the performance reports on a daily, weekly, monthly, and/or
yearly basis. The reports have a tabular format as well as a graphic format that can be
generated in a user-friendly manner. Two relational databases (project and historical)
are developed. The project database stores planned and actual cost and schedule data
for the project being considered. Upon completion of the project, all information
collected in the project database is transferred to the historical database. The historical
database has the same structure as the project database.
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Developed database

Data structure is essential to the development of an efficient database. This is
particularly important in supporting project control functions. Project control is carried
out using a set of control objects as proposed by Moselhi ef al (2001, 2002). The control
object, which is shown in Figure 1, could represent a phase of a project, a work
package, and/or a cost account defined using cost breakdown structure (CBS). It has
the resources necessary to complete the tasks included within that control object.
Based on this, all of the project data can be treated as an aggregation of a pre-defined
set of control objects. Each control object has its resources of labor, material,
equipment, and sub-contractors. In the proposed system, sub-contractors are treated as
a type of resource. Each resource has a budgeted value and an actual consumed value.
Each control object has relation(s) to other control objects as well as its own method of
resource allocation. It also has attributes that describe its characteristics, such as
sensitivity to weather and site congestion, as well as a set of threshold values that
defines unacceptable performance. Each type of resource in a control object may have
single or multiple sub-resources. It should be noted that each control object is an
abstract representation of a physical component of a project, as stated earlier. The
budgeted resources of a control object serve as a control reference as they are actually
consumed over the project duration.

Representation of project data

The entities-relationship (ER) methodology (Chen, 1976) is employed in mapping the
project data and in formulating it into a project database. The ER diagram consists of
entities, relationships, and attributes. Entities are basic objects with an independent
physical or conceptual existence. A binary relationship (i.e. only two entities are related
at a time) 1s used in designing the database. Relationship types involve one-to-one (1:1),
one-to-many (1:M), and many-to-many (M:N) relationships. Different types of attributes
are used in the development of this database, including composite, single-valued,
multi-valued, null-valued, and key attributes. Composite attributes form a hierarchy
that decomposes a unit into smaller components, each with its own independent
meaning, as in a project that is decomposed into control objects, and control objects are
decomposed into their resources. Single-valued attributes are used to identify the
names and codes of projects, control objects, and resources. Multi-valued attributes are
used to define the different resources such as cost, working hours, and material
quantities. Key attributes are used to distinguish entities. Each entity has a unique
identifier called a primary key, where a key can be a single attribute or a combination
of several attributes (a composite key). The ER diagram serves as a reference for the
developer to ensure that all the required data are modeled without conflict between
entities and relationships.

Figure 3 represents the ER diagram of the project database. In this figure, the
database is modeled conceptually using 15 entities (12 physical and three conceptual)
and 20 relations. The physical entities represent the Company, Employee, User,
Project, ControlObject, and resources of Craft, Labor, Material, Equipment,
SubContractor, as well as resource Allocation and control-object Progress. These
entities record the internal information of the project being modeled such as names of
companies, employees, projects, and corresponding budgeted and actual values of
labor, material, equipment, and sub-contractors. The Craft entity describes the types
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Figure 3.
ER diagram of the project
database
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of labor. The Labor entity records the personnel labor information. The Allocation
entity defines the method used in the allocation of budgeted data. The Progress entity
records installed daily quantities. The conceptual entities are Pstatus, Cstatus, and
Predecessor. These entities record the external information of their respective control
objects. Pstatus records daily site condition, including congestion and weather. The
Cstatus entity records the actual start and finish dates of a control object (assuming
that all the resources for a control object have the same start and finish dates). The
Predecessor entity defines the relations to other control objects. A one-to-one
relationship exists between ControlObject-Cstatus entities and Employee-User
entities. It means that a control-object can only have one start date and one finish
date and one employee can only become one user of the system. A one-to-many
relationship exists between the entities Company-Employee, Company-Project,
User-Project,  User-ControlObject, Project-ControlObject,  Project-Pstatus,
ControlObject-Allocation, ControlObject-Predecessor, ControlObject-Cstatus, and
ControlObject-Progress. This acknowledges that a company can have many
employees and projects. A user can control many projects and control objects. A
project may contain many control objects. A control object can have many
predecessors. Each has its daily status and progress data. A many-to-many
relationship exists between the ControlObject entity and the resources of Craft,
Material, Equipment, and SubContractor entities. This means that each control object
has its planned and actual resources and these types of resources can be used by
other control objects. The relationship between Labor and Craft is designed to record
the actual labor cost for that craft.

The ER diagram can also express the existing dependency of one entity type on
another (Chen, 1976). For example, the arrow in the relationship of Project-Pstatus
indicates that the existence of the Pstatus entity depends on the Project entity, but the
Project entity does not rely on the Pstatus entity. Therefore, the participation of the
Project entity is considered partial participation and the participation of the dependent
entities is total or full. Pstatus, Predecessor, Cstatus, and Progress are weak entities



because they use the primary key of the Project entity as a part of their individual
primary key. It should be noted that the proposed object-based model is compatible
with the Industrial Foundation Classes (IFCs) proposed by the International Alliance
for Interoperability (1996). This facilitates integration with other software applications.
The proposed model provides further efficiency in its implementation through the use
of the specially designed entities described above.

Implementation

A three-tier client-server computer architecture is used to implement the developed
system, as shown in Figure 2. It involves the presentation tier, the application
logic/middle tier, and the data tier. The user interfaces are the components of the
presentation tier, which handles the system’s communication with the user. The
databases are components of the data tier. The input/edit, evaluation, reasoning,
forecasting, and reporting components belong to the application logic/middle tier.
Adjacent tiers are connected through the internet.

The database as described in the ER diagram shown in Figure 3 is located in the
data tier. It is implemented using the Microsoft Access 2000 environment (see the
tables and relationships shown in Figure 4). In essence, these tables map the entities
and their respective relationships. The data type of the primary key in the entity tables
1s “auto-number”, which avoids the redefinition of the key. The attributes of the entities
and relationships record the budgeted and actual data described below.

Data entry

JavaScript functions, Visual Basic-Script functions, and HTML (hypertext markup
language) were used to design a set of web-forms to facilitate data entry. A total of 48
specially designed input and edit forms have been developed to support the process of
populating the database. Figure 5 depicts a sample of web-forms for entering the
budget data of a control object. These web forms are designed to provide a simple
user-friendly interface. They are components of the user interface. The web forms
respond to users’ requests and trigger the input/edit component in the application
logic/middle tier. ODBC (open database connectivity) connects the input/edit
component with the database to facilitate data entry and retrieval.

The budget input data includes the planned start date of the project, the planned
finish date, the total quantity of control objects, the scheduled start date, the planned
duration, the lag time, the cost of labor, the cost of materials, the cost of equipment, the
cost of sub-contractor(s), the labor man-hours, the equipment working-hours,
sub-contractor(s) working-hours, material quantities, the planned numbers of labor,
as well as the threshold values for time and cost control, the method of resource
allocation, and the relationships to other control objects. For control purposes, the
characteristics of a control object such as sensitivity to weather and site congestion are
also considered. The period-by-period input or daily input of site data includes control
object actual start date, control object revised quantity, actual quantity installed, actual
cost of labor, actual cost of materials, actual cost of equipment, actual cost of
sub-contractor(s), actual labor man-hours, actual equipment working hours, actual
sub-contractor(s) working hours, materials usage, number of labor, and actual finish
date, as well as the weather and other related site conditions. It should be noted that
only the direct cost of labor, material, and equipment are taken into consideration.

Internet system
for project
control

247




=

EEEEEE

[= seqamigenaoy|
swiploysauy)

Fo- 0@ X sastcus/AoQ]

ECAM

13,3

248

defl wopufi sioo] sowysuonel wa w3 a3 Sof
[sdiysuonejay] - ss:

Project database tables
and their relationships

Figure 4.




Internet system

+ — fop)
-
°g o
o, 0
-
£
o @ || auog (3
- - N :
_H 1asay _ nugng = OJu] [BLIDTEI
_.b mmr_ aoedw uopsaBuod aug LN EllLAL
T mm>_ Joedw) Jsyieam OJuT Je.r
(s4eq 30 sinop) 0| PloyseayLawny =l OJuy Jojoequoy)
® 0G| prouseayy 3sen ojuy 102fo1g
(sdeq] Jo smop) 0| :ownL yeold el 1085299palg
(s&eqq 30 sMOY) _.w_ uoneng uonedo[y .—owv_._m
(AAAAypp L) L661/65/¢| 91eq ystur 198png Ma1A
(AsAympALL 1661/G1/¢| ereq uers 128png arepdn
_.r :nh_ Aun J039E.[UO)-qng
00052 Hnuent 398fqo (01u00 mdmby
[BLIaTRIN
0Z11Y 2pe 108[q0 0au0d oG8
HI0M YUES aNs 10§ mcw___u__ ‘awep 30alqQ [ouU0D 193[q0 [oIuoyy
R - 198pngf andug
~ ejeq pajabpng :323[q0 |0)uU0D -
j04u09 1500 9 awy oefoid parsbaju|
B sjulT Aamng wnso4 ABojoujuual [enuel JasM  LORINPOJW|
05 _ﬂ wiyxapuifpaloid/ge L gy b6 59/ dny @_wmw._&(_
Sswmsg W3 MMg B | Aol seworey pess | ewoy sy dos ol opel)
« = & & -9 £ a2 (o] % 4 e - € &

Figure 5.

Control-object budgeted
data entry form

S ST i Ao S o] |

1810]dx3 18UIB1U] YOSOII - WBWEBBUBW 128l01d I




ECAM
13,3

250

Verification and validation

The issues related to data verification, validation, and the overall performance of the
developed database started from the conceptual design of the database through to its
final implementation, including the design of the web forms. Design verification
ensures that the developed database is in accordance with the ER diagram and that it
satisfies its functional requirements. Data entry verification was carried out
independently. Specially designed JavaScript and/or Visual Basic Script functions
embedded in the web forms are used to verify data type, length, and format. Whenever
new data is entered, the system automatically checks the data format. In the case of an
error in input data or missing data, the system prompts users with appropriate
message. The implementation of the developed database was tested and evaluated
using a numerical example. The system was used to evaluate project performance at a
user-selected reporting date.

Numerical example

A numerical example from the literature (Abudayyeh, 1991; Abudayyeh and Rasdorf,
1993) was analyzed to demonstrate the capabilities of the developed system. The
example involved a warehouse project used for storing grocery and non-perishable
food items. The project took approximately a year to complete. It has an area of
approximately 13,932 square meters. The project has three major components:

(1) heavy-duty concrete-paved yard area;
(2) a ramp slab used as a loading dock; and

(3) a base slab constituting the warehouse’s storage area, covered with a special
hardened topping.

The structure is formed by double-T precast and prestressed concrete walls, structural
steel framing with metal deck, and a built-up roof.

The project was broken down into 23 control objects using the work breakdown
structure. The budget data of these control objects and the data related to the actual
performance of the in-progress control objects were entered using the developed web
forms. The actual data were entered from the construction site on a daily basis. The
system was then activated to evaluate the project performance. Figure 6 is a labor
performance evaluation report generated using the developed system, from 3 January
1991 to 10 April 1991. In this report, the calculated earned-value parameters for the
reported period are presented (values in brackets are negative). This includes BCWS
(budgeted cost of work scheduled), BCWP (budgeted cost of work performed), ACWP
(actual cost of work performed), CV (cost variance), PC, (actual percentage completion),
SV (schedule variance), CPI (cost performance index), and SPI (schedule performance
index). The positive and negative cost variances, reported in Figure 6, represent cost
saving and overrun, respectively. Similarly, positive and negative schedule variances
represent schedule advance and delay, respectively. Clearly, the performance of
control-object 13121 as reported in Figure 6 indicates cost underrun and schedule
advance at this reporting date. The performance of control-object 11130, on the other
hand, indicates cost overrun and schedule delay at this reporting date. The scope of
works covered by control-objects 13121, 11120, and 11110 was accomplished by this
reporting date, but with cost overrun associated with each of the three control-objects.
Since this is a labor evaluation report, the user can activate the links under each control
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object to view the crewmember name. The related reasoning and forecasting reports
can also be viewed by activating the links under reason and forecasting items. It
should be noted that the earned-value reports generated by the developed system were
found to be identical to those generated by Abudayyeh (1991; Abudayyeh and Rasdorf,
1993) when the threshold values of time and cost variances were set to zero. However,
unlike the model of Abudayyeh (1991; Abudayyeh and Rasdorf, 1993), the developed
system considers the job logic, i.e. the sequence of the tasks performed.

Summary and conclusions

An internet-based database management system has been presented for the tracking
and control of construction activities. The paper has focused primarily on the design
and implementation of the system’s relational database. The developed system can
generate earned-value based project status reports at user-specified reporting dates.
Fifteen entities and 20 relations exist in the developed database. By taking advantage
of the worldwide web, the system provides a real-time data sharing environment and
accordingly supports the generation of timely site progress reports. A numerical
example 1s presented to demonstrate the capabilities of the developed system. The
earned-value report generated by the developed system was identical to that of
Abudayyeh (1991; Abudayyeh and Rasdorf, 1993) when threshold values of time and
cost variances were set equal to zero. In addition, the developed system integrates the
entire project data using the object model proposed by Moselhi et al. (2002, 2004). The
developed database not only considers the sequence of the tasks performed, but also
the relationships among the control objects. It supports project-tracking function of
progress reporting, using earned-value method. It can also be applied to support
forecasting time and cost at completion as well as reasoning about unacceptable
performance.
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