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ABSTRACT 

The research and development in the area of computer integrated construction have looked at 
various fragments of the domain to be used as a glue for the integration of the profession. 
Examples of these fragments include products and processes. In this paper, environment 
modelling is suggested, as an approach that provides a more complete picture of the domain 
requires the support of information technology. An environment-modelling framework is 
proposed, which decomposes an abstract concurrent engineering environment into several 
modelling spaces. For practical reasons, two-dimensional orthogonal framework 
decomposition is used. Along the first axis, the framework is decomposed according to the 
modelling aspect (construction, information system, generic), and along the second axis 
according to the level of detail (neutral, aspect, application). In this paper, we present the 
decomposition criteria, the resulting framework, and some essential components of the envi-
ronment. Reported is the work in progress accomplished as a part of the European Union's 
ESPRIT project ToCEE.  

Keywords – product modelling, process modelling, concurrent engineering, computer 
integrated construction 

INTRODUCTION 

In this section, we describe the context of the research, outline related efforts, and state the 
problems focused upon in our research work. 

Requirements for Concurrent Engineering 

Whenever possible, humans work concurrently, in parallel, at the same time. One could claim 
that concurrent engineering is the way the building industry has been operating forever. The 
key, however, are the words "whenever possible". Concurrent work is possible when: 

• Workers are aware of each others' actions, so that each can intelligently co-ordinate 
his/hers own actions with the actions of others. 

• Workers know what they can do. They can proactively take initiative. 

• Workers know what they must do. They react and respond to the commands of their 
superiors. 

To do so: 

• Workers must be able to communicate with each other, and 

• Workers must have access to each other's work and results, which must be available to 
them in a meaningful form. 

Information technology (IT) can help fulfil these requirements. In the 1980s a distinct field of 
IT emerged, called "concurrent engineering". Several definitions of concurrent engineering 
emerged, aimed at defining the topic beyond simple "parallel work". Winner et al. (1988) 
define concurrent engineering as “a systematic approach to the integrated, concurrent design 
of products and their related processes, including manufacturing and support. This approach 
is intended to cause the developers, from the outset, to consider all elements of the product 
life cycle from concept through disposal, including quality, cost, schedule and user 



requirements”. Dean & Unal (1992) define concurrent engineering as “getting the right 
people together at the right time to identify and resolve design problems. Concurrent 
engineering is designing for assembly, availability, cost, customer satisfaction, 
maintainability, manageability, manufacturability, operability, performance, quality, risk, 
safety, schedule, social acceptability, and all other attributes of the product”. In ToCEE we 
define concurrent engineering as "distributed co-ordinated teamwork". 

ToCEE is a three year, 47 man month ESPRIT project. The acronyim stands for "Towards a 
Concurrent Engineering Environment in the Building and Engineering Structures Industry" 
and is aimed to contribute to the improvement of the organisational infrastructure for 
concurrent engineering by utilising the opportunities offered by state of the art IT. The 
primary objectives of the ToCEE project are the development of an overall conceptual 
framework, as well as specific software tools, that would support and, more importantly, 
encourage, concurrent engineering. Some of these tools are intended to be applied directly in 
the current software implemented by end-users at the end of the project. Others will be 
developed and tested as prototypes in ToCEE leading to a longer-term development. 

ToCEE aims at wider scale of integration of the different models which represent a project, 
and the different modelling and information management aspects that are present in a 
building project, in order to increase substantially the power and the quality of concurrent 
engineering. The overall goal is to accumulate the whole spectrum of different development 
efforts into a conceptual framework and develop a prototype environment for concurrent 
engineering with very general applicability. 

However, the quality achieved through the application of concurrent engineering in real 
design and construction practice differs remarkably from case to case. Existing engineering 
software tools provide little support for concurrent work. The achieved level of concurrency 
is lowered by differences in the potential for concurrent engineering work in the different 
enterprises. Organisational patterns required for intensive concurrency are being re-invented 
over and over, because buildings are one-of-a-kind products and their construction is 
managed typically according to the technical aspects of a project, and not according to the 
business processes in an enterprise. 

Related Work 

In the application of IT for concurrent engineering in the building industry, valuable steps 
have already been achieved. During the second half of the 1980s a number of research papers 
from Eastman (1988), Gielingh (1988), Turner (1988) and others introduced the “product 
modelling” approach into construction and suggested it as a key technology for construction 
information exchange and computer integrated construction. 

Product model based integration is maturing into a set of international standards known as 
STEP (ISO 10303). Several EU projects like ATLAS (Boehms and Storer, 1994), CIMsteel 
(Watson and Crowley, 1995), COMBI (Scherer and Sparacello, 1996), and COMBINE 
(Augenbroe, 1995) have developed prototype product model environments, which have 
proven the principal validity and effectiveness of the approach and have greatly stimulated 
further research, standardisation and implementation activities. Today product modelling has 
also become the basis for the IFC (Industry Foundation Classes) technology developed within 
the industrial IAI initiative.  



Valuable results have been achieved in process modelling, e.g. by the CALS initiatives 
(Henderson, 1991). The IRMA model (Luiten et al, 1993) was one of the first attempts to join 
the product and process models into a unified framework. 

Workflow developments and electronic document management has been investigated by the 
WfMC (Workflow Management Coalition) as well as in several commercial (IIC Consulting 
and Cimtech Ltd., 1996) and academic (Turk, 1995, Amor and Clift, 1996) electronic 
document management systems.  

Problem Statement 

As outlined in the previous section, there has been a growing awareness of the importance of 
engineering data management. Engineering databases, fitting into a schema defined in 
standardised conceptual product models, have been regarded as one of the essential 
components of integrated construction. However, later research has acknowledged that the 
modelling of only products is insufficient. 

Concurrent engineering environment goes beyond looking at products, processes, documents 
and information, which are outside the system, but to observe the system as a whole, 
including the people and the technology involved. All these components are not only partly 
interrelated but influence each other. The technology, for example, is not only implementing 
the models defined, but influences the way in which humans understand the domain and 
therefore changes the domain just analysed. System’s interoperability and co-ordination is 
also of utmost importance. 

In this context, the problems related to modelling include: 

a) Unless software exists, which would implement the model, it is difficult to objectively 
evaluate the usefulness and correctness of the designed model. 

b) For computer integrated construction, product data is important, but is not the only data 
set required. It may also not be the “centre of the universe” in the sense that all integration 
should happen around something as complicated and difficult to agree upon, as product 
models. 

c) Information exchange and sharing symbolised as “data in once” is important, but is not 
the only requirement that integrated environments should solve. In addition, concurrent-
engineering environments must support parallel work, version handling, conflict 
management, document management, legal issues etc. 

We propose that product, process, document, regulation, and legal aspect modelling (to name 
just the essential components) should be part of a much wider framework that we call 
“environment modelling”. It is a phase in the design of software components supporting 
concurrent engineering. The focus of the research and of the modelling is thus not the 
"objective reality" of construction products and processes themselves, but of software 
systems that may support the advanced production methodology understood as “concurrent 
engineering”. 

During the early stages of ToCEE we have identified the following specific problems related 
to environment modelling: 

a) The modelling scope is even larger than with product/process modelling since both are 
included together with many additional aspects to be considered. 



b) Knowledge about the domains is dispersed among several disciplines. In addition to 
several branches of construction, generic information-technology such as database, 
distributed objects, networking and communications concepts should be modelled. 

c) Modelling is intimately related to the individuals’ or group's understanding of the 
modelling domain and is therefore difficult to agree upon. 

The primary focus of this paper, therefore, is to analyse the environment in which the 
workers are supposed to engineer concurrently. This environment goes beyond looking at 
products, processes, documents and information. 

MODELLING FRAMEWORK 

In this section we present an environment modelling framework which brings together the 
process, product, document and regulation models and puts them into relation with the meta 
data, resulting in a coherent matrix which enables distributed design of concurrent 
environments. A suggested terminology, the decomposition criteria, and the actual decom-
position matrix are presented and discussed. 

When we have been trying to bring several such concepts into one coherent framework we 
have found out that the product/process modelling approaches are too narrow, because they 
concentrate on construction domain aspects of the material world and neglect the information 
aspects of a computerised environment. An engineering environment, however, needs to 
know about both, and therefore both must be formally modelled. 

Terminology and Domain Overview 

Concurrent engineering (CE) is a systematic approach to the integrated, concurrent design of 
products and their related processes, including manufacturing and support. A concurrent 
engineering environment (CEE) is where concurrent engineering is practised, e.g. in a 
specific company, design office or in a virtual enterprise. This environment includes the 
company’s staff, premises, knowledge, and other resources and may include any other items 
that are related to its activities (partners, clients, government etc.). CEE system is an IT 
supported system, which enables CE. 

Within a CEE, basically three types of information are generated and manipulated: 

1) The information about the constructed facilities, including construction products, cons-
truction works and processes, construction regulations and codes, requirements etc. 
Information in this section is about material items only and is not associated or influenced 
by information technology. E.g. when we model a reinforcement bar we are not interested 
at all how this information is stored in documents, databases or how it is versioned. 

2) The information about the CEE system itself, including information products (documents, 
databases) and information processes and the environment such as hardware, software, 
server, client, person, application, organisation etc. Concepts of this type are largely 
generic. They relate to construction concepts (e.g. document types), but the important 
features of the concepts are domain independent. 

3) Information about the information. Concepts like information ownership, authorship, 
versioning, configuration, and the even more abstract object model common to all 
components of the information system. 

A CEE system stores information as CEE data. This data is stored in various types of 
databases such as relational database, object database or in a file system “database”. The CEE 



data fits into a CEE schema. The CEE schema has several components, or sub-schemas, 
which fit into a CEE modelling framework (CEEMF). Because all components of the schema 
are interrelated, we use the term “schema”, not plural “schemata”. 

The process during which certain types of CEE are abstracted into a CEE schema is called 
modelling. A process during which a CEE system is built is called software development. A 
process during which the databases are populated with specific data is called construction.   

CEEMF defines how to decompose the CEE information i.e. it defines the decomposition 
principles, the decomposition itself, main features of each of the components and the general 
interface they have with other components.  

Decomposition Criteria 

Before actually looking into how to organise the CEE system information, we define 
decomposition criteria.  

• Simplification. The decomposition should simplify the modelling and consequently the 
implementation of the CEE without sacrificing features of the CEE system. 

• Autonomy. The details of each component should be largely autonomous and can be 
developed with little reference to other cells.  

• Rich relations within component. The information within a component may have many 
references of various type (uses, used-by, specialises-into, part-of, ...) to information 
within the same component. 

• Monotonous relations to the outside. The information within components should have 
few references to objects in other cells. All references should be, as much as possible, of 
the same type. For example, a chunk of project information will always reference (use) 
product information onto which this chunk of project information relates to, but not vice 
versa. 

• Follow domains of knowledge. The decomposition should follow knowledge domains. 
Components should try to separate general knowledge from domain specific knowledge, 
such as structural engineering, so that experts in each field can easily contribute to 
developing each of them (e.g. it is wise to treat a construction product - in this framework 
- differently from a software product or a CEE system product - such as a document - but 
make sure they both are products).  

• Use instead of include. The components should use, rather than include knowledge 
which is not component specific (e.g. products need not know about the documents in 
which the information about them is presented and archived). 

 
Deep “is-a” class hierarchies are undesirable, because, at the implementation level, they tend 
to bind more tightly than “uses” relations. 

Decomposition Matrix 

Table 1 shows the decomposition matrix with some sample objects. The information is 
divided (row-wise) into construction specific information, CEE system information, and 
generic concepts. Construction information is further decomposed into product, process, 
requirement, and regulations information. Similarly, CEE system information is decomposed 
into CEE system product (which is information) and CEE system process (during which the 
information is created). Construction product and process information is further decomposed 
into reference, neutral, aspect and application models. 



Figures 1 and 2 show a system’s process and information model. Bjoerk (1996) used the 
abstraction of either material processes or information processes. Material processes change 
the material world (e.g. pouring concrete into the formwork). Information processes process 
information (e.g. determine how much concrete do we need, when do we need it etc.).  

Table 1: ToCEE Modelling Framework decomposition matrix. 
information 
type 

information 
subtype 

 
sample concepts 

further 
decomposition 

product

 

project, construction product, 
construction component, material, 
building, site, element, connector, 
space, wall, slab, 
equipment, pipe, duct, 
opening, door, window, ... 
 

by specialisation 
(neutral, aspect, 
application) 

process / 
activity

 

construction process, person, 
organisation, work section, work 
group, task ... 

by specialisation 
and by building 
life cycle stages 
(feasibility, 
design, planning, 
construction, ...) 

document

 

bill of quantities, 
drawing, 
contract ... 

construction 
information 
 

 
 

legal 

 

regulation, 
requirement, 
clause, 
provision ... 

product

 

information chunk, 
file, 
message, 
generic document ... 

process  / 
activity

 

client, server, actor, user, application,  
communication event, request, reply,  
input, output, flow, job, ... 

CEE software 
system 
information 
 

 
 

legal  digital signature,  
authentication,  
watermark ... 

meta 
information 

owner, lock, version, change,  
configuration, view, authorisation,  
access right ... 

generic

 object model model, schema, class, object, attribute, method, relation ... 
 



Information processes (1) control the material processes and (2) monitor output of the 
material processes – thus in effect the material processes are supplying feedback information 
to the information processes. The CEE system is an information process, which supports, 
with IT, both the information and material related construction processes. 

Figure 2 details relations between essential concepts in the CEE system. The important output 
of the information processes are “information chunks”. We define them as “smallest set of 
data with its own meta-information”. The data in an information chunk is about construction 
products or construction processes, which fit into schemata defined in the first four rows of 
table 1. The meta information is about who, when and how created this information and how 
is this information related to each other. Examples of information chunks can be as high level 
concepts as documents or simple entities like objects of even object attributes. Information 
chunks are input-to and output-of information processes, which are performed by actors who 
may be people or applications. 

information
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informationinformation technology

human/agent
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resources

feedback information

construction technology
and techniques
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product

 
Fig. 1: CEE system’s reference process model. 
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Fig. 2: CEE system’s reference information model. 



ARCHITECTURE 

System Architecture 

Different subsystems of the CEE system have to be combined, with specific emphasis on 
increasing the operability of concurrent engineering. On the system level, just like on the 
modelling level, we do not think that any of the subsystems (e.g. process management or 
product model) should have a central, special role. Instead, a "liberal" distributed architecture 
is applied together with an underlying meta model. 

The system architecture follows the client server paradigm, starting with common agreements 
on interface definitions and then allowing a parallel system development for the client and 
server side. In this approach, the system is modelled as a set of servers. They are connected 
by a neutral information logistic system (ILS), which is modelled as a server as well. The 
main task of the ILS to handle information-chunks and moving them from server to server, in 
an access controlled, secure, reliable and legally valid way.  

Any project communication is primarily performed by client requests to an information 
logistics server. Its role is to identify the correct target server and forward the request. 
Additionally, the information logistics server provides a centralised logging, access control 
and serialisation of concurrent requests. This type of system design enables the clients to 
operate in an integrated space of services, independent of the physical location of a server 
side service. 
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Fig. 3: System architecture 

Unified treatment of all types of information is achieved through the concept of information 
chunks. They enable a “lean“, high level conceptual model, ensuring that each information 
chunk is subsumed by a concept of a hierarchically organised model. Each server specialises 
in the implementation of a well-defined set of these concepts. A new server can be integrated 
into the environment by defining new concepts, their attributes, and behaviour. By treating 
concepts themselves as information chunks, the formal relationships between concepts can be 
made available (and partially extensible) at system runtime. In other words, all schemas are 



available, can be exchanged between servers and servers can adapt to changes. Fig. 4 shows 
the architecture of such a component involved in regulation processing. It is built on top of 
the regulation hypertext and exposes its functionality in a standard way - as a Web form, 
httpd application and as EXPRESS definition. 

Internet technologies are especially relevant for inter-organisational co-operation and the 
virtual design office of the future. Internet technologies and standards, particularly related to 
email and the Web (SMTP, HTTP, HTML, CGI, Java) have also brought new dynamics into 
the development of intra-organisational networks, bridging the problems of heterogeneous 
platforms, operating systems or networking technologies. The Internet gateway implemented 
in ToCEE is especially designed to manage project member data, their work-lists, document 
databases, and product model browsing. 

aaP Before any calculation is carried out, the
designer shall choose the forces and imposed
      displacements which will be treated as
actions in that calculation. Some forces and
      imposed displacements shall be treated as
actions in certain calculations and not in others
      Downdrag  (negative skin friction) and earth
pressures are examples of such forces.
  (3)
      For loads applied to foundations by
structures, an analysis of the interaction
between the
      structure and the ground may be needed in
order to determine the actions to be adopted in
      the design of foundations.
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Fig. 4: Architecture of a self documenting components delaing with regulation processing. 

 



Concurrency 

 
 

Fig. 5: Structured concurrent process progress 

For concurrency in design, in construction, and in maintenance the information management, 
documentation, and archiving (product data) systems have to allow the existence of several 
versions of the information at the same time. This will be due to parallel working on the same 
product. The ToCEE objective is parallel independent working with a minimum of co-
ordination and notification. As a result, conflicts will arise, which need appropriate methods 
to be handled. 

A compromise between these two important objectives for concurrent and fast track 
engineering results in a project progress structured by co-ordination points. Between the co-
ordination points, parallel independent work is allowed, where the individual participants, 
together with the project management, decide upon the needs and frequency of notification 
among the participants. Information logistics becomes therefore of utmost importance. 
Additionally, due to the growing inconsistency of data in the progress of parallel working, 
conflict management becomes an important management task. This task can be well supported 
by IT applying version management methods and applying artificial intelligence methods for 
conflict recognition and conflict propagation, i.e. propagation of the constraints due to conflicts 
and due to hypothetical solutions. 

CONCLUSIONS  

The goal of ToCEE is the development of an overall conceptual framework, software system 
prototype, and discrete tools to support concurrent engineering. Such a system should handle 
various information types, including product and process information, document 
management, legal aspects, and regulation processing. In co-ordinating the efforts related to 
management of this information, we have learned that an overall conceptual structure of a 
CEE system is required. 



This paper documents one of the views on such a structure, which is based on the separation 
of the construction and the information system aspects. It introduces a very abstract concept 
of an information chunk. The information chunk is the component, which is handled by the 
information logistics system. To applications, such a system provides a high level abstraction 
of a distributed, multi-server, multi-client environment. The information chunks fit a schema, 
which is part of the modelling framework. Schema information as well, e.g. EXPRESS files, 
are treated as information chunks as well and can, during runtime, augment the overall 
schema of the system. 

The paper described the results achieved in the ToCEE project in its conceptualisation phase. 
The prototype environment developed until 1999 showed that the ideas presented can be 
implemented and result in a usable but complex environment. Its fuller evaluation, however, 
deserves a follow-up paper or report. 
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