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Automating Communication
in Civil Engineering
By Gijsbertus T. (Bart) Luiten! and Frits P. Tolman?

ABSTRACT: Automating communication is a powerful tool for realizing organizational
changes currently pursued by building companies. Until now however, the building industry did
not go further than auntomating the traditional means of communication. This paper presents a
new approach to open, high-level, computer-interpretable communication between project
participants. “Open” means independent of the participants and their computer systems, “high-
level” that no human interpretation is required for handling information and knowledge, and
“computer-interpretable” that no human interaction is needed for data transfer. The STEP
product-modeling approach provides a basis for this kind of communication, but it needs an
extension to project-modeling and more scope layers. The authors have developed such an
extended approach for integrating design and construction in building projects and present here
the need for and the background of this approach, a way to ensure (computer) integration in ever-
changing project teams, and a test case.

INTRODUCTION

In the last decades, the building industry (like all industries) has faced an increase in
demands from society, which demands higher quality, more variation, higher complexity,
shorter lead times, lower costs, a lesser burden on the environment, and better working
conditions. This increase in demands is only likely to continue (ARTB 1993).

One of the building industry’s answers to these demands might be to make better use of
information and knowledge that is available. The knowledge becomes available from prior
experience, feedback from realized products, new research, new materials, new technologies,
etc. In addition, newly introduced computer applications generate large amounts of project,
company, and general building information. Unfortunately, because communication (i.e.,
knowledge and information transfer) between project participants did not evolve at an equal
pace, islands of knowledge and information have resulted.

A good example of problematic communication is the interaction of design and
construction. Most currently used means for communication do not support an improvement
in this interaction. First, the relation between design and construction information is still not
made explicit; the relation still exclusively exists in the heads of the professionals involved.
Second, communication during design and construction management are just partly supported
because only the results of these processes are communicated. Interaction between design and
construction is thus hindered by not communicating the reasons behind and the relations
between design and construction information. The research field of Design for Construction
(DfC) tries to improve this interaction and is thus equivalent to Design for Manufacturing
(Boothroyd and Dewhurst 1987) in the mechanical industry.
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Since design and construction are increasingly, and successfully, supported by computers,
it only seems logical to support their communication with computers as well. Although
Computer-Integrated Construction (CIC) has been studying this “integration”! for quite
awhile (Fischer 1989), CIC (and thus computer-aided DfC) is still a technology in its infancy
and by far the building industry has not mastered it. In this paper we outline an approach that
will help computer-aided DfC to mature. This approach was developed during Ph.D. research
at the Delft University of Technology (Luiten 1994).

In the paper we first describe some organizational changes that currently take place in the
building industry and require improved communication. This results in requirements on
computer-aided communication. The STEP product-modeling approach seems the most
promising. We extended this prodict-modeling approach to project-modeling to support the
interaction between design and construction and applied the new approach to precast concrete
structures. The paper ends with conclusions about the future of automation and integration in
the building industry.

ORGANIZATIONAL CHANGES AND COMMUNICATION

New forms of organization have appeared as the building industry has made efforts to
cope with the growing demands of society, for example, the growing influence of suppliers,
design-and-build contracts, automation of construction on site, Total Quality Management,
and integration of life-cycle stages. New forms from other industries that the building
industry has gradually taken over are Design for Manufacturing, lean production, concurrent
engineering, and business re-engineering.

No form of organization suits every business goal, however; for example, there is a
growing influence of suppliers on the design that results in designs that better suit their
construction resources. Often, suppliers even design their part of the building completely, of
course, within the conditions set by the client and the contractor. Lean production (Womack
et al. 1990) is another example; it concentrates on the value-adding activities in the two main
transformation activities: (1) design and production management (the main information
transformation activities) and (2) production (the main material transformation activity)and
aims at eliminating other activities and optimizing the main activities on the project level (not
on the level of individual companies). In other words, it aims at eliminating “waste”.

Fig. 1 presents a simplified IDEF() diagram (SofTech 1981) that shows the two main
transformation activities and some information and knowledge flows in building projects.
The message conveyed by the figure is that feedback of constructability and performance
knowledge are, in general, not supported electronically. And since organizational changes, by
definition, relate to transformation activities and/or flows, improved communication between
the activities results in improved business performance.

1 Fischer (1989) defined integration as “the continuous and interdisciplinary sharing of goals, knowledge, and
information among all project participants.”
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Fig. 1. The two main transformation activities in a building project.

COMPUTER-AIDED COMMUNICATION

Since improving communication seems essential to organizational changes, the building
industry is already pursuing computer-aided communication. This section argues that the
most commonly-used means for sharing knowledge and information are not suitable for
computer support and that open, high-level, computer-interpretable communication is
required. The STEP product-modeling approach provides such communication.

Open, high-level, computer-interpretable communication

Since the introduction of computers into the building industry, design and construction
processes have been supported with numerous design, scheduling, and cost-estimating
applications. However, integration of design and construction has not really changed: project
partners share goals, knowledge, and information in the same way as before. Computer
applications still produce traditional documents, such as specification documents, detail
drawings and schedules. Humans have to interpret these documents, whether paper or
electronic, before the next application can use them (see Fig. 2), but human interpretation is
slow, costly, and prone to errors. Moreover, knowledge mainly resides in the heads of
experienced professionals, which hinders its transfer and full use.
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Fig. 2. Communication with documents as often scen in current practice.

Computer-aided DfC aims at improving the integration of design and construction by
automating communication between applications used for these processes. Most computer
applications, however, cannot interpret information from electronic documents as humans
can. Therefore, the relations between design and construction information and the reasoning
behind design and construction choices have to be made explicit in communication. To realize
this, applications need information with more explicitly defined meaning, that is, information
at a higher semantic level. High-level communication in a computer-interpretable format
minim)izes the need for human interpretation and thus enables integration of applications (see
Fig. 3).
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Fig. 3. Open, high-level, computer-interpretable communication between Product

Specific Modelers (PSM).

To manage information and knowledge transfer, companies should have so-called Product
Specific Modelers (PSMs). A PSM manages information and knowledge transfer between
internal computer applications and uses transfer mechanisms for outside communication.



Therefore, a PSM should “know” the meaning of the information it handles. For example, to
generate the input for a structural analysis application, structural engineers currently interpret
the design and filter out the load bearing objects manually. If engineers are to automate this
process, they have to be able to define their knowledge rules with the terminology and
semantic level they use in practice. The rules should be expressed in terms such as beam,
load bearing, is supported by, etc. Only with this high semantic level is a PSM “aware” of the
function of the objects in a design and can it filter the information. In addition, the
applications that are connected to the PSM should use the same semantic level: computers are
only able to derive low-level information from high-level information, not the other way
around. For example, it is possible to derive 2-D drawings from a high-level product-model
of a beam, but it is impossible (or at least very difficult) to derive such a product-model from
2-D drawings. If two-way communication is to exist between applications and PSMs, both
should use the semantic level of professionals in practice.

Besides technical feasibility of computer-interpretable communication, its economic
feasibility is also a key issue. Such feasibility requires an open environment, independent of
the computer applications used at the companies involved. The standardization of
communication is one way of realizing this. Unfortunately, the building industry is too
fragmented to standardize on the level of building projects; the configuration of building
teams changes too often. Therefore, industry standards are needed, supported by all
participants, with all their applications, and preferably on an international scale. However,
because of the fragmented and project-oriented nature of the building industry, internationally
accepted, industry-wide standards are very hard to realize.

Product-modeling

In the seventies and eighties, CAD systems were the central points for integration and thus
for standardization. Models for the exchange of shape information grew more and more
sophisticated, from wire frames and surface models, via solid models, to relational reference
models. Nevertheless, it turned out that topology and/or geometry could not be used as the
central point of integration because:

» the shape of a product is not stable during the design process,
s there is often already information before a shape is chosen, and

« different participants in the project often use different shape representations.

Therefore, geometric modeling evolved to product-modeling, in which the building model
is described with the semantics used in practice. A product-model contains product
information such as the properties of its parts. This includes geometry, topology,
decomposition, material, behavior, etc. The product-model contains information for all life
cycle stages and for all participants in the building process. Geometric information is not the
core anymore, but one of the properties. Traditional documents, such as drawings, can
ultimately be derived from the product-model.

Product-modeling builds on the strengths of other integration concepts. Classification (and
coding) of building products, activities, and construction resources has proven its value in
practice; its division into categories and its terminology can be a basis for product-models
(Bjork et al. 1989). Product-modeling is also the product of an evolution of feature modeling
for mechanical parts to the more complex nature and larger scale of building products.
Moreover, it offers the high-level semantic required to define knowledge rules. With its high-
level, computer-interpretable communication, product-modeling forms a solid basis for
computer-aided DIC.



ISO-STEP product-modeling approach

The major standardization effort in product-modeling today is ISO-STEP, the international
STandard for the Exchange of Product-model data (ISO/TC184 1993). The purpose of this
international standard is to “specify a format for the unambiguous definition and exchange of
computer-interpretable product information throughout the life of a product.” STEP’s
development started in 1984 and builds on the Product Data Exchange Specification (PDES)
(Smith 1986).

STEP developed view and application independent languages for specifying information
structures and exchanging information. The value of these languages can be measured by
their widespread use, even outside the STEP community. STEP developed the lexical
modeling language EXPRESS for specifying information structures. A subset of EXPRESS has
a graphical presentation: EXPRESS-G. Other graphical presentations that may be used in STEP
are NIAM (Nijssen and Halpin 1989) and IDEF1x (Appleton Company 1985). Because
EXPRESS schemata are independent of computer-systems and have a standardized format,
they are easily exchangeable. An EXPRESS schema defines a conceptual model with object-
types and attributes, which denote sets of objects with common properties. A database can be
structured according to a conceptual model. In this database, information about one particular
product (e.g., the White House) of that type of product (e.g., governmental buildings) can be
stored. Information in the database, i.e., the product-model, can be exchanged with a file in a
standardized format or via standardized access to the database.

STEP standardizes conceptual models with different scopes, using EXPRESS. There are
two types of conceptual models:

 integrated resources’, and
» application protocols (APs).

Integrated resources define related parts of conceptual models that can be used in other
conceptual models. There are two types of integrated resources: generic resources and
application resources. Generic resources are application-type independent. Examples are
geometry and topology representations, product structure and configuration management,
dimensions and tolerances, and form features. Application resources are applicable to
specified types of applications, such as drafting, finite element analysis, and presentation. An
Application Protocol (AP) defines the information structure for one or more applications. In
this context the definition of “application” is rather broad: “a group of one or more processes
creating or using product data.” As a result, there are application protocols for general
processes, such as 2-D-drafting, but also for specific processes, such as ship or road design.

Despite some unresolved issues, many integrated resources and APs are already under
development. The development of APs is somewhat bottom-up, driven by the needs of
computer applications in question. In the near future dozens of new STEP resources and APS
will be submitted for evaluation and integration.

BUILDING PROJECT-MODEL FOR DFC

As shown above, the STEP product-modeling approach provides the open, high-level,
computer-interpretable communication needed for industry-wide product information and
knowledge sharing. In this section we introduce the Building Project-Model (BPM), which

1 STEP uses the term resource to denote a conceptual model that can be used in other conceptual models.
These STEP resources should not be mixed up with models of the construction resources that are used at the
building site. To clarify the reading, we will use construction resources when we talk about the building site
resources and only resources when we talk about conceptual models or their implementation.



extends the product modeling approach to project modeling for DIC. We discuss the two main
abstraction mechanisms of the BPM--product-activity and concretization--that make relations
between design and construction management information and the reasoning behind decisions
explicit. The section ends with a prototype implementation.

Models with different scopes

Gielingh proposed the General AEC Reference Model (GARM) (1988), which was one of
the first efforts made to develop a comprehensive model for the building industry. The GARM
can be used to model a product and its characteristics in different life cycle stages. It also
contains information structures that support decomposition, evaluation and selection of
alternative solutions, connectivity, shape representation, and classification of building
aspects. Originally, models like the GARM were intended to be instantiated directly as
product-models that represent one particular product. However, soon the need for more
product-type specific conceptual models merged.

Tolman (1991) proposed the introduction of product-type models structured according to a
common reference model. Product-type models contain information structures valid for one
family of products only, for example, for a type of precast concrete element. The terminology
used to define a product-type model closely follows the terminology commonly used for
product descriptions in practice. For example, a product-type model for precast concrete
elements follows the terminology of engineers at a precast concrete element supplier. Tolman
uses reference models to structure these product-type models uniformly, which results in
three types of conceptual models, each with its own scope:

e general resources,
s reference models, and
o product-type models.

General resources correspond to STEP integrated resources and are applicable to several
types of industry. A reference model contains information structures applicable to one type of
industry. For example, the GARM can serve as a reference model for the building industry. A
product-type model, which corresponds to a STEP Application Protocol, is a conceptual
model for a specific type of product.

After this interpretation, the GARM has successfully been used as a reference model for
product-type models, proving the value of this architecture for conceptual models. A
reference model ensures interoperability between product-type models, because product-type
models based on the same reference model can now be used in one product-model. In
addition, it enables the development of Project Specific Modelers (PSMs) that are easy to
integrate, because they are based on similar information structures. Another big advantage is
reusability of software: software based on one reference model can be used in many product-
type models.

We applied this interpretation of layered models with different scopes to our research. We
focused on a reference model that improves communication between design and construction
and called it the Building Project-Model (BPM). The BPM not only models product
information, but also other project information, such as activity and resource information.
The BPM refers to existing general resource models for the definition of shape and material
we applied it to a project-type model for precast concrete structures in the test case (see next
section).

Abstraction mechanisms

A comprehensive reference model such as the BPM should emphasize essentials and
suppress irrelevant details. In conceptual modeling research this is called abstraction (Smith
and Smith 1977). Two abstraction mechanisms are relevant for DfC: (1) product-activity and
(2) concretization. The product-activity mechanism emphasizes the relations between product,



activity, and construction resource information in a building project. The concretization
mechanism emphasizes the information needs during problem-solving processes such as
design and construction management. The following two subsections describe the two
mechanisms, their models, and their use.

Abstraction mechanism 1: Product-Activity

If we are to integrate design and construction, we have to relate product, activity, and
construction resource information analogously to the way professionals talk and think about
it. In current practice, these types of information can be found in design drawings, activity
schedules, and construction resource plans. The relations between these three types of
information often exist only in the minds of the professionals involved; in other words, the
relations exist only implicitly. Normally different persons perform design and construction
management, and they may interpret the design, the schedules, and their relations differently.
As long as the relations remain implicit, such differences in interpretation may exist.

Until recently, product, activity, and construction resource information were modeled
separately, e.g., by using the STEP product-modeling approach and by using the IDEF(
activity analysis method. With the BPM we want to relate the three types of information in one
conceptual model. Fig. 4 models products, activities, and construction resources as subtypes
of project objects. The figure contains a short legend of NIAM (Nijssen and Halpin 1989), the
graphical information modeling technique used in this paper. The figure shows that a project
consists of project objects, which are either products, activities, or construction resources.

consists  is part
of \N of %S%E;\Si[ @ Object Type
/ subtype relation

h:
@&S] A has 0,1, or more B
@tﬁé AhasOor1B

has
Ahas1B

Fig. 4. Starting point of the product-activity model in the BPM: a project consists of
products, activities, and construction resources.

Fig. 5 models the object-types and relations by combining observations in practice, Von
Wright’s logic of change (1963), the ideas behind activity analysis methods such as IDEF(
(SofTech 1981), and other reference models (Bjork 1991; Froese 1992; Gielingh and Suhm
1993; Luiten et al. 1993). The figure models the relations between the product, activity, and
construction resource information explicitly. It shows that both products and construction
resources have construction states, which are realized by construction activities. Construction
states succeed each other. A construction activity is performed by a constructor (a general
contractor, sub-contractor, or supplier) who should be able to perform that activity. An
activity uses construction resources, which should be at the disposal of the constructor.
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Fig. S. The product-activity model in the BPM: relating products, activities, and
construction resources.

The three main types of information in building projects have characteristic properties. For
products, the characteristic properties are shape and material, which we can define using the
STEP resource models. For activities, the characteristic property is time, such as early start,
late finish, duration, and float. For construction resources, the characteristic property is cost.
Subtypes of construction resources are labor forces, materials, and equipment, or
compositions of these three basic construction resources. Examples of these compositions are
work crews, or even the constructor companies, such as (sub-)contractors and suppliers.

Modeling product, activity, and construction resource information explicitly in the
product-activity model contributes to communication between design and construction in
several ways. The product-activity model might support the forward exchange of information
from design to construction using one, gradually growing, shared project-model. First, the
designer proposes a product and stores it in the project-model. This designed product is the
starting point for the planner, who then defines the successive states of the product and the
construction resources during construction and adds them to the project-model. Next, the
planner defines the construction activities needed to reach these states and the required
construction resources. The constructor acquires the construction resources and performs the
activities, which results in the product. The project-model can also be used to exchange
feedback information from the constructor to the designer. For example, the constructor can
send the designer a proposal for an improved design of a part of the building.

In addition, the product-activity model might support types of communication that are
rarely seen in today’s practice. For example, sometimes a design choice implies a certain
construction method. With the product-activity model, the designer can add this information
to the project-model and transfer it to the constructor. Constructors can also use the model to
exchange information about available construction resources to designers. Another new
possibility is the exchange of the building’s construction states that have to be taken into



account during design. For example, a structural engineer often takes into account the loading
cases that occur during transportation and assembly. Finally, with the product-activity model
it is easier to switch between design and construction, and it is easier to make (preliminary)
schedules and cost estimates in early phases of design. These results can be used to see (and
react to) the consequences of design choices quickly.

Abstraction mechanism 2: Concretization

Concretization, the second abstraction mechanism in the BPM, supports communication
during design and construction management. These processes can be seen as problem-
solving processes: designers must find a solution for the client’s functional requirements and
construction managers have to find a solution if the design is to be realized on time and within
budget. The concretization mechanism supports the information needs of a problem-solving
process by modeling and relating the evolving states of information during this process.

Most problem-solving strategies require a clear distinction between problem and solution.
First the problem has to be specified, with criteria to be fulfilled by the solution. Then a
number of alternative solutions is proposed and worked out in such detail that the alternatives
can be compared to the criteria and to each other. Finally, one of the alternatives is selected
and realized. Afterwards, the realized solution can be compared with the criteria specified in
the beginning. During the process an object (i.e., a product, an activity, or a construction
resource) becomes increasingly concrete. Generally, objects occur in three evolutionary states
of concretization:

o as required objects (representing function),
e as proposed objects (representing solution), and
* as realized objects (representing final results).

When problems are large, a second problem-solving principle is often applied: divide-and-
conquer. Here the main idea is that a large problem can be solved by dividing (or
decomposing) it into sub-problems. Normally, the sub-problems are related to each other.

The two principles can be combined with each alternative solution decomposed into sub-
problems. Criteria for the solution of these sub-problems can be derived from criteria of the
main problem. For each sub-problem an alternative solution is proposed, which can again be
divided in sub-sub-problems. This approach can be applied until the problem is small enough
to be solved. On the lowest decomposition level solutions are pre-defined and can be
specified by parameter values.

Fig. 6 shows how the information needed for the two problem-solving principles can be
modeled in the concretization model. A required object is fulfilled by a proposed object. This
proposed object decomposes into required objects that are related to each other. The object
that is finally realized should conform to the proposed object (and thereby fulfill the required
object). This model uses the same interpretation of the life cycle stages of the GARM
(Gielingh 1988) as used in the IMPPACT reference model (Glehngh and Suhm 1993). The
concretization model applies to products, activities, and construction resources. When applied
to products, it supports the function-form-behavior paradigm (Howard et al. 1992) and
explicitly relates design intent to chosen form.
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Fig. 6. The concretization model in the BPM: supporting information needs in
problem-solving processes.

In contrast to currently used means of communication, which focus on chosen solutions,
the concretization model enables the exchange of requirements, solutions, and their relations.
1t is therefore more flexible with new construction techniques, which can be added easily to
the system. It also makes it possible to define (and relate) tasks of participants in a work
team, and to relate successive phases in a project. This could enable a shift of some design
tasks to construction management, for example, to suppliers who design their part of the
building. In addition, the same means of communication can now be used during less
detailed, early phases as well as detailed, later phases of a project. Moreover, because the
intent of a design is communicated, constructors know the reasons behind design decisions
and thus are able to propose alternatives that still correspond to the requirements, but also
conform better to their construction possibilities.

Prototype implementation of the BPM

In (Luiten 1994) we described requirements for a project-modeling environment by
identifying the needs of the developers of the project-type models, the programmers that
implement these models, and the end-users that apply the models in practice. In close
cooperation with TNO-Building and Construction Research, we developed a prototype
implementation that fulfills some of these 1equilcmenls (Luijten and Luiten 1993) and called
it PMshell, which stands for Project- Modelmg environment. For the first version of PMshell
we chose the object-oriented language Eiffel! (Meyer 1988), because the conceptual modeling
notions of object-types with attributes correspond closely to the object-oriented notions of
classes with properties and behavior.

With PMshell, developers and programmers of conceptual models are able to use a
graphical user interface (based on NIAM or EXPRESS-G) to define information structures and a
menu-driven interface to define behavior to manipulate information. PMshell deals with
conversion between modeling languages and database management, and provides tools to
relate conceptual models with different scopes and fmmahzc (constructability) knowledge
rules. With these features, PMshell can be seen as a CASE? tool for the development of
integrateable Project Specific Modelers.

The end-users in practice can use PMshell to generate information about one particular
building project by applying the conceptual models implemented by the developers. With

1 TNO’s current version of PMshell is implemented in CtF,
CASE = Computer-Aided System Engineering

11



PMshell they are able to generate and manipulate project information, exchange it, and apply
(constructability) knowledge rules to it.

Fig. 7 shows the layered architecture of the modules of the implementation of the BPM in
PMshell. It shows the modules in boxes and their relations by arrows. Modules implement
conceptual model and are structured in layers that correspond to the scope layers proposed by
Tolman (1991). The kernel layer is provided by PMshell and deals with general functionality
such as database management, language conversions, and generating documentation. The
other modules inherit this functionality. We discuss each layer and its modules briefly below.

kernel kernel
layer
__.._JL_____._L_______+_ _______ _
graphs graph
layer
U _____+___JL___AL______
Shape_ || shape e shape resource
presentation representation definition layer
__________ ___.4‘~_._-__________
Buildin i .
Project £ p1 O?UCE. Plotﬁll_(t?t‘ reference
- neretization ivi -
Model concretizatio activity layer
_____________ e
precast concrete project
structures type layer
Fig. 7. Layered architecture of the computer implementation of the project-modeling

.approach developed.

The graph layer contains general graph functionality that can be used as a basis for the
implementation of network-like models, such as the decomposition tree of a building, the
activity network in a schedule, or the organizational network in business relations. Fig. 8
shows the basic elements of a graph: a graph has nodes, connected by directed links (Sowa
1984). Functionality implemented in the module is, for example, finding the shortest path in a
graph, determining connectivity between nodes, and determining sub-graphs.

Fig. 8. Graphs, a basis for the implementation of many network-like models.



The resource! layer focuses on shape. Shape is defined in three modules: definition,
representation, and presentation (as described by Tolman and Gielingh (ISO/TC184 1989)).
The definition defines a shape independent of the computer applications used. For example,
the shape of a steel beam can be defined as IPE400 with a length of 3.00 meters. The
representation of a shape contains part of this information in a format suited for computer
manipulation. For example, the representation of the shape of the steel beam in a CAD system
can be a B-rep with vertices, edges, faces, a volume, and topological relations. The CAD
system can, for example, calculate the volume of the beam. The presentation of a shape
contains part of the information in a format suited for human interpretation, e.g., a 3D picture
on a CAD screen, or (electronic) 2D drawings of top and side views. For communication,
ideally only the definition needs to be exchanged, because computer applications can derive
the other on the fly. Our implementation of these three modules builds on work of Willems
(1993). The shape representation model uses graph functionality to model topological
networks.

The reference model layer implements the BPM in two modules: product concretization and
product-activity. The product concretization module implements the concretization relations
(as shown in Fig. 6) for product information. It uses graph functionality twice: (1) to model
the decomposition network of required and proposed products and (2) to model the network
of related required products that are part of one proposed product. It uses shape definition to
model the shape of products. It contains functionality to build the required-proposed network
easily and to derive the shape of products by composing the shapes of their parts. The
product-activity model contains functionality to build a model as corresponding to Fig. 5. It
uses graph functionality to model the activity network.

The project-type layer specializes the BPM modules for different types of projects. To
illustrate this, we implemented a project-type model for a type of precast concrete structures,
as we discuss in the next section.

EKON, A TYPE OF PRECAST CONCRETE STRUCTURES

To assess its practical value, we tested the developed approach--that is BPM, PMshell, and
BPM’s implementation--in close cooperation with Spanbeton. Spanbeton is a Dutch supplier
of precast concrete elements that developed EKON, a new structural system for office
buildings. We selected the EKON system for our test because of its high level of
standardization and relatively simple elements (see Fig. 9). We focused on preliminary design
and assembly on site. This section describes a project-type model for EXON, an
implementation, and a test case.

1 These resources denote general conceptual models that can be nsed in other conceptual models, not models of
construction resources.



Fig. 9. The EKON precast concrete structural system (Bennenk and Boom 1992).

Project-type model

We developed a EKON project-type model as a specialization of the BPM. The product part
of the model is a specialization of the concretization model of Fig. 6. To model the structural
system and its parts we followed the preliminary design process as closely as possible, using
a top-down modeling approach. In the model, a load bearing structure is decomposed in
structural areas, each of which can be fulfilled by a different structural system, e.g., in-situ
cast concrete or the EKON system. The EKON system is detailed further; it decomposes into
floor fields and column rows (Fig. 10). A floor field decomposes in three steps into beams,
hollow-core floor slabs, and joints. A column row decomposes into columns and joints. For
the assembly process on site we modeled the construction states of the structure, the
construction activities, and the construction resources using the product-activity model of
Fig. 5.

|

column i

row
i

floor
field
is supported by

Fig. 10. Part of the project-type model for EKON structures.
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Implementation

We used the BPM implementation in PMshell to implement the EKON project-type model.
Because there was no design system in use at Spanbeton that supported the high semantic
level of project-models, we had to develop a simple design system. In this design system,
column rows and floor fields are derived automatically from the grid lines and the end-user
can define loads on the floor fields. Floor fields and column rows can be decomposed easily
with a few parameters into surface and line elements and connections. The elements are
fulfilled by EKON elements. The system calculates the shape and material parameters of the
elements based on the loads on the floor fields and the dimensions.

For the second part of the implementation, we used PMshell to formalize, exchange, and
apply constructability knowledge. We implemented rules to check whether the preliminary
design conformed to assembly knowledge. For example, we implemented a rule that warns
the designer when the weight of a designed element is larger than the capacity of the largest
crane that will be on site. Another rule warns the designer when columns are connected in
length direction in situations where one longer column can be used. Even though longer
columns are more expensive because they are difficult to transport, on site they are much
easier and faster to assemble.

Test case

We tested the implementation of the design system and the knowledge rules in a research
environment. We designed a simple structure, exchanged information and knowledge using
the STEP languages, and applied constructability knowledge to the designed structure.

The test case (both developing the system and its application) showed the potential value
of the approach. Better means for formalizing and exchanging information and knowledge are
within reach of the building industry. Knowledge does not have to fade away anymore when
projects are finished. In addition, the large amounts of high-level information that will be
available when industry uses this approach will have many possible other areas of use
besides Design for Construction such as integration with other life-cycle stages, (robot)
automation on site, linking technical and financial departments, better control of production,
better change management, and use of cast-in transponders for easy element identification on
site.

CONCLUSIONS

One of the building industry’s answers to the growing demands of society is further
automation and integration of design and construction management, the main information
transformation activities in a building project. This eliminates wasteful activities such as
manual copying of data and human reinterpretation of documents. It also leads to better use of
the large amounts of information and knowledge that have become available since the
introduction of computer applications. Further automation implies the development of more
and better computer applications. Integration implies communication between these
applications. This makes automation and integration two sides of the same coin. Integration is
only possible when information and knowledge are available electronically, and further
automation is only economically feasible when information and knowledge input is
automated. This paper has outlined an approach that might support further automation and
integration of design and construction management.

As discussed in this paper, we based our integration approach on project-modeling, which
is an extension of product-modeling. The approach focuses on two areas of interest: Project
Specific Modelers and communication mechanisms. The paper argues the importance of
using the same high semantic level of representing knowledge for the modelers and the



transfer mechanisms. Both should use the semantic level of professionals in practice.
Product-modeling, as being developed by STEP (ISO/TC184 1993), provides this high
semantic level. It is always possible to derive lower level information (e.g., 2D dLawmgs)
from a ploduct model antomatically, but, deriving a product-model from dlawmgs requires
human interpretation, which is time consuming, costly, and open for misinterpretation.

It is important to follow international standardization developments when developing a
Project Specific Modeler in a company: computer applications will sooner or later conform to
the standards and conformity with the standards ensures communication with future (and yet
unknown) project participants. Using a project-modeling system that supports standardized
modeling languages and modularity enables professionals to develop and apply project-
models. This paper briefly discussed PMshell, a prototype for such a system. PMshell is by
far not ready for commercial use, but it indicates the feasibility and relevance of such
systems.

The standardization of project-modeling is also not yet completed. Here lies a task for the
building industry as a whole. In the paper we suggested an approach for developing such a
standard. We showed a layered architecture of project-models to ensure modularity and
integration of models (and applications). We also presented the BPM, a first version of a
reference model for building projects. In the BPM we explicitly modeled the relations between
products, activities, and construction resources and the evolving states of information during
design and construction management. This model should be extended, refined, and tested in
further detail. Companies should develop conceptual models for their own types of projects.
After implementing and applying these models internally, they can propose the models for
standardization. This ensures a bottom-up, industry-driven development of these rather
abstract new technologies. This approach is already followed in many of the European
Union-sponsored ESPRIT research projects, which are proposing their results for
standardization as Application Protocols in STEP.

With further automation and integration based on (standardized) project-modeling the
building industry has an important tool with which to cope with the demands of society.
Whether the building companies will pick it up and dare to take the challenge, only the future
will tell.
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