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Abstract 

As computer programs become ever more complex, software development has shifted from focusing on programming 

towards focusing on integration.  This trend is also seen in the design and construction industry, where there is an 

increasing need to integrate and reuse commercial software tools.  Although many software applications (e.g., 

Microsoft Project, Microsoft Excel, the Primavera Project Planner, and AutoCAD) are commonly available for 

construction engineering and project management, it remains a laborious process to integrate and coordinate these 

tools to work together and to support decision making.  To name a few, the sheer volume and complexity of the tools 

and the information generated by them, their scattered distribution, and the lack of interoperability are among the 

challenges in integrating, coordinating, and reusing these tools. This thesis first discusses the potential applications 

of the Process Specification Language (PSL) for project management applications.  Initiated by the National Institute 

of Standards and Technology (NIST), PSL is emerging as a standard exchange language for process information in 

the manufacturing industry.  This thesis discusses how PSL can be used for exchanging information among project 

management software applications in the construction industry.  The potential applications of PSL in consistency 

checking and constraint scheduling are also explored.  Specifically, a formal mechanism is proposed to perform 

consistency checking on project information from different computer tools.  Furthermore, the use of PSL for checking 

conformity of project schedules to scheduling constraints is illustrated. This thesis presents a simulation access 

language (SimAL) and framework for project management applications. The SimAL language and framework 

integrate legacy project management applications, coordinate different tools, manage the information flow among 

them, and bring their functionalities online.  The prototype of the SimAL framework has been implemented based on 

PSL for data exchange and a flow-based software composition infrastructure for software integration.  Using the 

prototype, users can simulate scenarios and build up new services from the existing tools. The potential applications 

of the SimAL language and framework are demonstrated using three illustrative examples.  This first example 

illustrates the use of SimAL to incorporate online information in project management.  The second example illustrates 

how to use SimAL to compare different scenarios in project management.  The third example demonstrates how to 

extend the functions of legacy software applications (e.g., AutoCAD ADT and the Primavera Project Planner) by 

integrating them to provide new services. Finally, this thesis presents a question answering system to query the 

information in different project management applications.  A prototype question answering system has been built and 

tested to illustrate the potential usefulness of such a system for project management applications. 
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1.0 INTRODUCTION 

As computer programs become ever more complex, software development has shifted from focusing on 

coding toward focusing on integration, as illustrated in Figure 1.1 [98].  In parallel to this trend, there is another shift 

of software development from standalone applications toward distributed, Web-based or Web-enabled services.  As a 

result, future software will be based more and more on the composition and integration of existing software 

components. 

 
Figure Error! No text of specified style in document..1: The Trend of Software Development 
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Let us take the project management field in the construction industry as an example. There are many software tools 

(e.g., Microsoft Project, Microsoft Excel, the Primavera Project Planner, and AutoCAD) that are commonly available 

for construction engineering and project management.  These standalone application tools are mature and widely 

adopted.  However, integrating and coordinating these tools to work together and to support decision making remains 

a laborious process.  As an example, resource discrepancy occurs frequently in construction project management.  

When procurement is being delayed, what options are available and which option is the most appropriate to recover 

the lost time?  Should human resources be added to accelerate the remaining tasks or should extra fees be spent to 

expedite the delivery?  What adjustments are necessary for each option?  When making a decision, we also have to 

consider the potential impacts on project schedules, costs, resources, and organization.  To simulate possible impacts 

and to support decision making would involve using different tools.  As illustrated in Figure 1.2, one may use the 

Primavera Project Planner (P3) or Microsoft Project to schedule the project, Vite SimVision to simulate project 

organization, Timberline’s Precision Estimating to estimate project cost, and 4D Viewer or other CAD tools to view 

the models.  A framework that would allow dynamically integrating and coordinating application tools to simulate the 

impact of resource allocation on a project and to review “what-if” scenarios can significantly enhance the decision-

making process. 

 
Figure Error! No text of specified style in document..2: Applications in Construction Project Management 

 

Among the key issues for integrating and coordinating application tools for simulation is the issue of data and software 

interoperability.  It is not unusual that project data is being re-entered from one application to another.  Typical 

engineering and project management application tools generate large volumes of information that are not easily shared 

among the applications.  Project information is created from different sources in a variety of formats.  In addition, 

project activities are often performed and managed in a geographically distributed fashion.  For example, in a 

construction project, the construction site, the regional office and the company headquarters are often located in 

different cities and states.  Furthermore, different tools are employed at the site and in each office.  Ubiquitous access, 

by means of which project and company personnel can review project information regardless of time and location, 

becomes important.  The sheer volume and complexity of the tools and information, coupled with their scattered 

distribution and the lack of interoperability, makes any attempt to coordinate and reuse the tools and information a 

daunting task.   

 

1.1 Research Objective 

The key research question to be addressed in this thesis is: How to integrate and coordinate existing COTS 

(commercial off-the-shelf) tools as well as publicly available information sources to support project management and 

decision making tasks. We first address the issue of data integration among different project management tools.  We 
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then address how to invoke and coordinate these tools for simulation.  In addition, the system needs to allow users to 

query and update project information in different tools and to compare different scenarios.  

The objective of this research is, thus, to develop a high-level simulation access language and infrastructure, 

which would allow users to easily integrate and coordinate standalone applications and to conduct simulation of 

project scenarios without the detailed knowledge of the network communication and application software.  The high-

level language should be able to invoke and transfer data among the tools and to query and update project information.  

With the simulation access language and infrastructure, the functionalities of each individual application can be 

extended.  The users can also choreograph the execution of the tools to potentially support workflow management and 

decision making applications.   

 

1.2 Related Research 

The issues of data and software integration are not new.  There have been many standards that have been 

proposed for data exchange and software interoperability.  To review all previous and current approaches and 

developments is beyond the scope of this thesis.  In this section, we briefly summarize some of the related work.   

 

1.2 Data Integration and Exchange 

The need for efficient data management and exchange in computer aided building engineering has been a subject 

of active research and development for quite some time.  A detailed review of data integration and exchange can be 

found in a recent book by Eastman. 

Direct Translator:  Traditionally, pre- and post-processors are developed to translate data between two 

application programs using a mutually agreed upon exchange format.  The major disadvantage of using pre- and post-

processors between programs are the potentially large number of translators.  To provide data translation among n 

applications, n(n-1) translators have to be developed.  Thus, the direct translator approach does not scale as the number 

of applications increases.  Furthermore, extensive software maintenance of the translators could be costly. 

Centralized Database:  Using a common database can significantly reduce data redundancy and the number of 

translators for data exchange.  Each application generates, stores and retrieves the information according to the 

database schema.  A centralized database has traditionally been considered to be one of the most effective methods 

for achieving interoperation.  There have been many research efforts attempting to define design information about a 

construction project and to store the information in a single repository.  Using a common database allows easy 

integration of a new tool with other design tools within an organization.  The problem with this approach is that to 

define a common schema for different applications, even within the same domain, can be quite difficult.  This approach 

also does not provide the flexibility to support collaboration among multiple disciplines and organizations.  

Neutral File:  Another approach is to develop industry-wide neutral file formats for specific application domains.  

In the neutral file approach, a translator needs to be developed for each application, so that the application can read 

information from and write results to files in a standard format.  Consequently, only n translators need to be developed 

to provide interoperation among n applications.  Early work on neutral files focuses on the data exchange on CAD 

and graphical data, such as DXF [64] and IGES.  As engineering companies are increasingly seeking ways to integrate 

their applications, many neutral file standards have been developed by standards organizations and industry consortia.  

One major problem confronting integration of software applications stems from the challenges of specific data formats 

for exchange and sharing.  The International Organization for Standardization (ISO) has been actively pursuing the 

development of STEP.  STEP (the Standard for the Exchange of Product Model Data) is a product data integration 

standard to facilitate information exchange among different applications.  STEP is based on the EXPRESS language 

[50], which enables STEP to provide an unambiguous, computer interpretable representation of product data. 

EXPRESS is a data definition language that is used to represent the structure of data and any constraints that may 

apply to the data.  Examples of product models developed using STEP for the building and construction applications 

include CIMsteel, the steel model, and the roofing system.  Software tools are commercially available to integrate 

STEP product models with databases and other application programs.   

Another notable effort in the building and construction industry is the development by the International Alliance 

of Interoperability (IAI) which aims at developing a set of industry foundation classes (IFC) as a universal library of 

commonly defined objects throughout the lifecycle of a facility, from design to operation and maintenance [46].  IFC 

is a data representation standard developed specifically for defining product data for architectural and construction 

applications.  Based on EXPRESS, IFC is designed to exchange data among Architecture, Engineering, Construction 

and Facilities Management (AEC/FM) applications.  While the earlier IFC modules focused primarily on product data, 

attempts have been made to extend IFC from product modeling to support data for cost estimating and project 

management purposes.   
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Recently, XML (eXtensible Markup Language) has been fast becoming a de facto infrastructure standard for data 

exchange because of its extendibility, hierarchical (object) structure and the vast support by computer software and 

hardware vendors.  XML can be used as an object representation format.  XML includes a meta-markup language that 

consists of a set of rules for creating semantic tags used to describe data [104].  Many software programs now adopt 

native XML support features.  Desktop applications such as Microsoft Office and AutoCAD as well as database 

programs such as Microsoft SQL 2000, IBM DBMS, and Oracle support XML data.  The benefits of using an XML-

based standard instead of an ASCII-based standard are that XML is (1) a published standard by W3C.org; (2) 

becoming the standard meta language for data interchange across the computer industry; (3) object-oriented 

(supporting advanced software development concepts); (4) readable; and (5) extendible.  Widespread adoption of 

XML as the language for data exchange has led to the explosion of software tools that use and manipulate data.  In 

addition, a new breed of native XML-based databases has started to emerge in the market place.  

With the emerging popularity of XML, XML schemas have been proposed as ontology standards in the building 

and construction industry with ifcXML [59] and aecXML [47] being the two most popular XML schemas.  IfcXML 

is an XML version of the IFC and is a fairly extensive schema (with over 400 pages) designed to enable the exchange 

of IFC data in an alternative XML format.  In ifcXML, tags have been defined for various stages and purposes in the 

project life-cycle, such as product modeling, cost estimating, scheduling and maintenance.  For example, 

WorkSchedule, ScheduleTimeControl, and RelSequence elements have been defined in the project scheduling domain.  

AecXML is a similar effort which was initially proposed by Bentley Systems in 1998 and is now also part of the IAI 

(International Alliance of Interoperability).  AecXML provides XML-based schemas to describe information specific 

for data exchange among participants involved in the design, construction, and operation of buildings, plants, 

infrastructure, and facilities.   

Current standards, such as STEP and IFC, focus on the exchange of product data.  The need to integrate software 

applications to support processes and activities has become increasingly important.  In project management, enterprise 

modeling, and manufacturing applications, the activities and the constraints on their occurrences need to be 

represented.  For example, data integration occurs in business process reengineering, where enterprise models 

integrate processes, organizations, goals, and customers.  Even when applications use the same terminology, they 

often associate different semantics with the terms.  This clash over the meaning of the terms prevents the seamless 

exchange of information among the applications.  Interoperability of process oriented applications must deal with the 

issue of the differences in terminology and representations now found in most of the project management and 

enterprise software applications.  The Process Specification Language (PSL) has been designed to facilitate correct 

and complete exchange of process information among manufacturing systems [67, 80].  PSL is developed using KIF 

(knowledge interchange format), which is based on first-order predicate logic.  Included in these applications are 

scheduling, process modeling, process planning, production planning, simulation, project management, workflow, and 

business process reengineering. 

In this research, we focus on the integration of project management applications and project models.  As a point 

of departure, PSL, an emerging international standard for process information exchange, is adopted as the information 

exchange language for project management applications and the usage of PSL is extended to illustrate the potential of 

PSL for consistency checking and constraint management.  Furthermore, ifcXML is employed for the exchange of 

data on the product models describing a facility. 

 

2.0 SOFTWARE INTEGRATION AND INTEROPERABILITY 

One issue when different participants or organizations engage in collaborative activities is interoperability 

between the applications and infrastructure services within an organization and among the collaborating parties.  The 

heterogeneity of application tool employed within and among engineering companies creates a demand for an 

interoperability solution to achieve software integration.  There have been many approaches for developing software 

integration, ranging from localized integration and client-server integration to Web-based integration and distributed 

integration.  

Localized Integration:  The most primitive method for software integration involves integrating software tools 

locally on a machine.  Integration can also be accomplished through the API (Application Protocol Interface) provided 

by the application programs.  An application can provide software interfaces that allow other applications to 

communicate directly with the application.  Examples of software interfaces include RA (Primavera Automation 

Engine) in the Primavera Project Planner and VBA (Visual Basic for Application) in Microsoft Project.  

Client-Server Integration:  The client-server integration model aims at leveraging the capabilities of typical 

corporate networks that consist of many low-end computers and a few dedicated servers.  Typically, a project 

repository, either in neutral files or a centralized database, resides on a server. All applications communicate to the 

server to access the information.  Most Web-based (intranet or extranet) portals developed for construction project 
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management applications employ client server models.  In essence, most of the current Web-based tools focus on 

providing a common project repository of data and tools. 

Distributed Integration:  A distributed system integration model deals with integrating applications on different 

(often heterogeneous) computers over private or public, local or wide area networks.  Examples of mechanisms that 

are commonly used to support distributed applications include Remote Procedure Call (RPC) [10], messaging [52], 

and distributed shared memory.   With the continuing proliferation of the Internet and Web-based technologies, there 

have been many research and development efforts to “publish” and to “support” independent applications as Web 

services.  Conceptually, a typical Web service architecture consists of three entities: service providers, services 

brokers, and service requesters. 

 Service providers develop Web services, register them with service brokers, and publish them on the Web. 

 Service brokers act as bridges between service providers and service requesters; they also maintain detailed 

lists of published Web services. 

 Service requesters search the brokers’ lists, find the required services, and send requests to the corresponding 

service providers. 

 

The development of Web services is motivated by a need to represent information, retrieve and update data, and reuse 

services provided by other parties over the network.  Currently, some of the features constituting Web services are as 

follows: 

 The basic principle of Web services is loose coupling; in other words, components depend less on the 

implementation of the others.  Web services are not Remote Procedure Calls (RPCs) [10] or Common Object 

Request Broker Architecture (CORBA) [75].  RPC is primarily designed for tightly bounded but 

geographically distributed systems, while the principle behind Web services is loose coupling.  In CORBA 

messages are manipulated by instantiating objects; however, document-style messages are used to 

communicate among Web services. 

 Web services communicate by passing messages structured in XML and packaged according to the Simple 

Object Access Protocol (SOAP) [13].  XML can be used to represent data in self-describing, platform-

independent text, while SOAP provides a simple protocol to create complex self-contained messages. 

 Web services describe themselves using descriptive languages such as WSDL (Web Services Description 

Language) [28] and support their own discovery using mechanisms such as UDDI (Universal Description, 

Discovery and Integration) [7]. 

 

To integrate distributed services over the Web, a data standard needs to be employed, so that results can be reused by 

other applications. Network communication issues, such as asynchronous messaging, also need to be addressed [12].  

Furthermore, mechanisms for invoking and terminating applications over the network have to be provided [62].  Many 

emerging languages can assist in reusing Web services and conducting business transactions [21].  Examples of some 

of the previous and current efforts are:   

 

 XLANG, an extension of Web Service Description Language (WSDL), aims at facilitating the orchestration 

of services [89].  XLANG uses WSDL to describe the service interface of each participant.  In XLANG, the 

basic constituents of a process definition are actions.  In addition to the inherited WSDL actions 

(request/response, solicit response, one way, and notification), XLANG adds two new actions: timeouts and 

exceptions.  A service with a behavior represents an interaction with other services; therefore, orchestrating 

services can be achieved through sequencing the actions of the services. 

  

 WSFL, an XML-based language, describes Web service compositions as part of a business process definition 

[58].  There are two basic ways to compose Web services using WSFL: (1) a flow model where the basic 

constituents are activities, represented by nodes in a linked graph and each activity is associated with a service 

provider for the execution of the process and (2) a (global) business collaboration model to facilitate 

interactions between business partners.   

  

 BPEL4WS, a product of the merger of WSFL and XLANG, provides the formal specification of business 

processes and business interaction protocols [3].  BPEL4WS supports two distinct usage scenarios: 

implementing executable business processes and describing non-executable abstract processes.  As an 

executable process implementation language, BPEL4WS is used to define a new Web service by composing 
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a set of existing services.  For the second role, BPEL4WS supports modeling the behavior of business 

protocols. 

 

 The ebXML language is a set of specifications that enables enterprises to conduct business over the Internet 

[34].  In other words, ebXML defines a framework allowing enterprises to find each other and to conduct 

business based on well-defined XML messages.  BPML, a meta-language for modeling business processes, 

provides an abstracted execution model for collaborative and transactional business processes [8].  BPML 

represents business processes as the interleaving of control flow, data flow, and event flow. BPML and 

ebXML are complementary standards for business processes.  While ebXML allows users to specify the 

public interface of their business processes, BPML provides a standard way to describe the corresponding 

private implementations.  

 

 DAML-S is another ontology that has been developed to assist in automating Web service tasks (e.g., 

discovery, composition, invocation, and monitoring) [5].  DAML-S defines an ontology, within the 

framework of the DARPA Agent Markup Language, for Web services. 

 

3.0 CONCLUSION  

In summary, there have been many significant developments in recent years to help build autonomous Web 

services.  Web services have broad applications, ranging from real-time price quoting to workflow management and 

enterprise application integration [18].  The objective of this research is to extend current Web service models not 

only to allow integration of business or engineering applications but also to provide facilities for simulation using 

standalone and Web-based applications. 

The focus of this research is to develop a simulation access language (SimAL) and infrastructure framework 

for the access of project management applications to support simulation and decision making.  The effort follows 

closely the development of SimQL, which consists of infrastructure environment and a descriptive language to execute 

and reuse simulation results [99, 100].  The SimQL language includes a schema language and a query language, which 

handle model creation and data query respectively.   

The SimQL schema language allows users to register wrappers, to create models, and to update models.  

Furthermore, the SimQL query language allows users to query information based on the created models. Users can 

query information from the results using a SQL-like SELECT statement.  SimAL uses a Flow-based Infrastructure for 

Composing Autonomous Services (FICAS) [60-62].  

In FICAS, a service composition language, CLAS (Compositional Language for Autonomous Services), 

which was derived from the Composition Language for Autonomous Megamodules (CLAM) [79] has been provided 

to specify and to invoke a megaservice.  In addition to the primitives for invoking services, CLAS also provides 

elements for asynchronous control, such as WHILELOOP, LOCAL and BRANCH elements.  SimAL modifies CLAS 

and extends its developments to support simulation of engineering and project management activities. 
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