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Abstract

Abstract

The purpose of this research was to study how the data management of a main
contractor can be improved, in order to provide better client value and more
cost-efficient production. The research focused on methods for reengineering the
information management using product modelling as enabling technology. The
methods were tested in pilot tests in which the developed cost and value engi-
neering prototype application was used.

This thesis demonstrates an integration of design and production planning based
on the product model approach. The final outcome is that the main contractor
can utilise information coming from designers as input in its own tendering and
cost estimation applications.

The key methodology used for describing the information management process
throughout the building process life-cycle was IDEFO. The analysis of the cur-
rent process (as-is), in the form of an IDEFO model, helped in identifying the
main problems of current practice. The target process (to-be) definition was
based on product model utilisation and takes into account the possibilities for
process reengineering supported by product data technology. One specific re-
guirement was deemed important in view of the anticipated developments in the
area of data exchange; the target system should be structured in such a way that
it could easily be adapted to receive data according to the emerging IFC core
model schemas.

The overall result of the research reported in this thesisis that the product model
approach can be used for a substantialy reengineered information management
process of amain contractor, especially in design and construct type contracts.

Keywords: cost estimation, information technology, process model, building
product model, reengineering, knowledge engineering

ISBN 91-7170-301-2
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This dissertation is the final result of my long-standing belief that the construc-
tion industry ought to, more often than normally is the case, implement the re-
sults of scientific research into practice. The rapid developments of IT-
technology in recent years have provided good possibilities for doing so. The re-
search presented in this thesis has both had an industrial and academic view-
point. Hopefully the results can convince some practitioners, in the usually very
conservative construction industry, that using results from R&D for
reengineering the way they work can be very beneficial.
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pervision, much thanks to the support of the Finnish Technology Development

Centre (Tekes). | would like to thank all the people who have contributed to the
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Bo-Christer Bjork, who finally convinced me that writing a Ph.D. would indeed
be a good idea and who has provided the academic comments which have been
necessary for finally achieving it. Other persons | especially would like to thank
are Veli-Pekka Saarnivaara from Tekes for his visions and strategical sense,
Pekka Hamalainen at YIT for his great support in my work and my colleagues
Heli Valiharju and Hannu Peltonen and the others who have been understanding
and not disturbing my concentration too much, my colleagues at VTT:
“Modelling Guru” Matti Hannus for his mental and visionary friendship, my
“Tutor” friend Kalle Ké&hkonen, experts Kari Karstila and Karl-Johan Serén
(both at VTT at the time), my sister Marjukka Laitinen as “the computer scien-
tist” in completing some of the details, my “Knowledge-Engineer” Heikki Ku-
lusjarvi and my supporting friend Markku Salmi. Many thanks also to my
Swedish colleagues for their innovative participation during the “Swedish-
Finnish Ph.D. seminars” at KTH and at VTT. Thanks also to Professor Brian
Atkin for his good advises. | would also like to thank all who have been in-
volved somehow in this work during these years and whose name is not men-
tioned here.
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The work wouldn’t have been completed without the support of my caring fam-
ily, my wife Tuula, who has been a good help with her stylistic ideas and in
proof-reading. Great thanks also to my children Kirsi and Henri, who have been
patient when having no attention from me. Special thanks to our dog, labra-
dorian retriever Kassu, who has been supporting and awake with me during the
dark nights abandoned while the others were in sleep already. Many times he
gave a deep sigh for me&fust do IT".

People need buildings, buildings need engineering,
engineering needs processing, processing needs reengineering,

reengineering needs IT.

(The first thought by an unknown author, extension for my work by Tuula and
myself.)

Espoo, August 1998
Jarmo Laitinen
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1 INTRODUCTION

1.1 Background

The construction industry is one of the largest sectors of the economy of any in-
dustrialised nation. The value added of the construction industry (including con-
struction product manufacturing and related services) constitutes over one quar-

ter of the industrial sectors and over 10% of GNP [Salmi 1995], [Tupamaki

1997. Consequently the efficiency and competitiveness of the construction in-
dustry is a major concern for society as a whole. While other industries, such as
the car industry, have been able to achieve very significant improvements in
productivity and quality over the last few decades, the construction industry
seems to have been at a standstill.

The current problems of the construction industry are quite well known to re-
searchers and to practitioners participating in national R&D programmes aiming
to improve the performance of the indusfiguropean Commission 1904
[ELSEWISE 1997, [Allweuer et al. 1995 The construction industry is suffer-

ing from fragmented organisation, traditional and local practices, poorly devel-
oped supply networks and missing competitive mechanisms. The industry has
not been able to combine high quality with productivity, customer satisfaction
and flexibility. Other related problems are lacking industrial practices, unsafe
working conditions and insufficient ability to evaluate environmental impacts of
building materials, products and production methods. Competition remains
mainly focused on lowest cost and offering capacity instead of quality,
sustainability and customer perceived value. What has been particularly signifi-
cant for the problem formulation of this thesis work is the fact that the construc-
tion industry is lagging far behind other industries in using modern technology
as a major catalyst for improving its processes.

The information management methods used in current construction processes
are inadequate [Atkin 1995]. In particular, the traditionally almost "water-tight”
separation of design and production causes problems in the form of duplication
of work, inconsistent documentation etc. Similar problems occur also at other
inter-enterprise interfaces and even at inter-department interfaces within compa-
nies. According to a study carried out in the UK [Latham 1994] 30% of the total
building costs should be saved when information problems such as repeated
work, overlapping work, false information, redoing etc., are solved. Improved
data exchange and the overall managing of the information will be a key solu-
tion to this. These problems can not be solved by more advanced IT tools alone.
Reengineering of the process itself is necessary [Betts 1997], [Davenport 1993].
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Some problems which characterise the current way of working are:

* Prevailing ways of organising the process do not encourage technical inno-
vation and process change.

* Theclient’s requirements are not adequately taken into account.
» Cost optimisation istoo focused on minimising production cost only.

» Designis often carried out with insufficient consideration for constructibility
I SSues.

» Contractors lack the means to take into account sustainability of the materials
they use.

» The methods for decision support are ad-hoc and unsystematic.

In current practice, a team of architects and engineers develop a detail level
building design which is sent by the client to a number of contractors for ten-
dering. The pre-defined technical solutions included in the design, such as pre-
cast concrete building frame with hollow core slabs, do not encourage contrac-
tors and suppliers to develop, evaluate and propose alternative, potentially more
optimal solutions. Incentives for product (~ buildings and subsystems) and proc-
ess (~ business and production) development are inherently hampered.

The origina intent and needs of the client are often lost in the process. The in-
dustry has poor capability to extract client needs, transform them into formalised
performance requirements and assure compliance to these requirements
throughout the delivery process.

Economy is by the clients often seen only as low production cost. Still as the
performance driven process is evolving life cycle performance assessment is
gaining more importance. The industry - including contractors, their supply
chain and the client - does not have the capability nor tools to identify the im-
pact of the produced value based on life-cycle performance on the competitive-
ness of the company.

Production and construction requirements are often not taken into account or
misunderstood in the design stage due to the separation of design and construc-
tion. This causes waste: the product specification is often far from the easiest
possible to build, and it does not take into account the possibilities that the sup-
plier's capabilities offer. Traditionally the consideration of constructability re-
guirements is based only on the designers’ persona experience from construc-
tion [Lautanala 1997].

Sustainability is gaining continuously growing importance in construction.
Many building material producers are creating life cycle assessment databases
for their own products, but the contractors, or any other partners in the process,
are not able to make life cycle assessments for the whole building process.
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Decision making in the construction industry lacks systematic methods based on
solid performance measures. Usually decision making is based on personal in-
tuition and experience from similar previous projects.

1.2 Possible solutions to the problems
Management philosophies as a basis for change strategies

In order to tackle some of the problems outlined above a few pioneering compa-

nies in the construction industry have during the last few decades tried to apply a
number of management philosophies, often using IT as an enabling technology
[Yamazaki 1990], [Miyatake et al. 1992]. Examples of general management
philosophies which in principle could be applied to construction are value engi-
neering, total quality management, just-in-time production, life-cycle costing,
business process re-engineering, lean production. Other methodol ogies for proc-

ess improvement which are more specific to the construction industry are per-
formance driven construction, open building [Lahdenperd 1995] or the use of
contractual forms such as design-build (often also called design and construct)
contracting [Konchar et al. 1997].

In the following three of these approaches, which have had a particular rele-
vance for the research presented in this thesis, are presented.

Value engineering - Value engineering originated during World War Il time in

the USA, due to the needs for optimising industrial production in a time of
shortage of key materials. The systematic method nowadays known as value en-
gineering was developed over the ten years following the war. According to its
traditional meaning value engineering is mainly concerned with optimisation i.e.
achieving a given function at minimum cost. Nevertheless, nowadays value en-
gineering has a wider conceptual meaning concerning the meaning of the term
‘'value'. The primary concern is to develop a common decision framework
around which the project participants can think and commuriGaiezn, 199p

Within value engineering the basic phases followed at several stages in the de-
velopment of a project af®ell'lsola, 1973

1. Information phase: determination of the objectives and functional require-
ments of the project

2. Speculative phase: identification and development of alternatives

3. Analytical phase: selection of the best value alternative by examining the
cost and value of each alternative

4. Proposal development: development of the best value alternative to more
detailed design proposal
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Typically the value engineering process is organised as workshops where repre-
sentatives of all project stakeholders participate. Green for instance has used a
two workshop approach where the first one is organised during the concept stage
of a building construction project in order to establish clear project objectives
and value-for-money criteria understood by all parties [Green 1994]. The second
workshop takes place after the feasibility study to anayse design aternatives
and select the outline design proposal with the appropriate value-for-money cri-
teria. Another practical approaches to carry out value engineering processes for
building construction has been described in Barrie & Paulson [1992].

An important overall objective for value engineering is to ensure that the deci-
sion making process is accountable. Within the workshops several techniques
are applied e.g. value trees to structure objectives and decision making criteria,
brainstorming techniques for studying possible design solutions, the ratio
method 10 assign importance weights for each individual value-for-money crite-
rion and decision matrices t0 reach quantitative evaluation of design proposals
[Miles, 1972].

The term value management has been given even a broader meaning compared
with the value engineering process described above. Vaue management is used
to address all processes relating to value improvement. This covers all tasks
from project concept development to feedback information from clients
throughout the life of the facility [Institution of Civil Engineers, 1996]. The re-
lation with design and build contracting is reported by Kirk [1998].

Both the research problem and proposed solution of this thesis are related to the
genera value engineering approach as described in chapter 1. In particular, the

client service process for the briefing phase is concerned with the challenge of

design value improvement. The new concept of cost and value engineering has
nevertheless been used in this thesis having in mind a possibility to provide a

new type of supplementary solution to earlier developed value engineering tech-
niques. Within the context of this thesis Cost and value engineering is defined

as the contractor's evaluation of the design solution in terms of scope, effi-
ciency, cost and functionality.

Process reengineering — Process Reengineering is a term coined by a number of
researchers in the early 1990’i¢Pavenport 1993 [Betts et al. 1997].
Reengineering attempts to change the mind-set, attitude and behaviour of or-
ganisations by fundamentally re-thinking and re-designing business activities,
structures and working relationships in order to maximise added value and
achieve sustainable improvements in all aspects of business perfolfinavee

et al. 1997. The construction industry is predominantly project based, and thus
needs an alternative approach to reengineering. According to Love there are
fundamental components associated with Construction Process Reengineering



Introduction

(CPR): Concurrent Engineering [Turk et a. 1997] and Lean Construction [Ko-
skela1992], [Koskela 1997].

Fowler and Palmer [1997] emphasize the supporting business systems and the
improvement of operating effectiveness through redesigning critical business
process and supporting systems. This involves both a detailed analysis and the
re-design of key processes, ultimately focusing upon an examination of the pro-
cess’ ability to add value. Mohamétlo97 defines CPR: d customer focused
approach to progressively develop an integrated project delivery process fo-
cusing on optimising process predictability and enhancing the value of the final
product’.

There are few reported cases of construction companies which have carried out
systematic business process re-engineering prdpectan example cf. Bacon
1997.

The Performance approach -As an effort to promote innovation and free com-
petition there is a trend to change the emphasis of building codes and standards
towards performance rather than prescriptive requirements. The main motivation
for this is the assumption that performance specifications will reduce barriers for
process innovations and add incentives to use new technologies [Tiula 1993].
The designer should only state the performance criteria and leave the contractor
the freedom to choose the materials and assembling methods within these speci-
fied limits, assuming that the contractor is able to analyse the differences be-
tween alternative solutions. In practice the use of the performance concept is,
however, only in its infancy, and there is a need to develop methods supporting
its use[Wittenoom 1995

IT-tools that support change

Early developments in construction computing provided support for activities
where information was created. Good examples are the use of CAD-systems for
drawing production and spreadsheets for cost calculations. During the last few
years new emerging IT-technologies have increasingly been used to facilitate in-
formation management and transfer in the construction process. Computer net-
working, document management systems, the Internet, database technology and
interoperability standards provide examples of such technologies. The potential
of these for data sharing has, however, not been fully utilised in the construction
industry, but has rather been used for exchanging traditional documents in a
digital format.

One promising technology for data exchange and sharing, the commercial use of
which is still in its infancy, but which has been the subject of quite intensive re-
search during the last decade, is product data technology. In product models the
information about a product (in our case a building) is stored as information ob-
jects in databases, according to data structures which have been standardised. In

5
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contrast to today’s practice information is stored only once and the needed
documentation is produced from the product model using applications (this is
illustrated in fig 1.1). Many European research projects, such as CIMSteel
[1998, ATLAS [Tolman et al. 199%4and COMBINE[Augenbroe 199%have
developed methods for product model based information exchange. The devel-
opment of some fundamental standards needed for building product data ex-
change is currently going on both as formal standardisation through the ISO
STEP committe¢lSO 1993% and through active industry participation in the
Industry Alliance for InteroperabilitylAl 1997], which is developing object-
oriented building descriptions, so—called IFCs.

CONVENTIONAL PRODUCT MODEL-ORIENTED
DRAWING-ORIENTED DATA STRUCTURE
DATA STRUCTURE All data in product model.
All data in original documents. Documents are outputs from the product model.

BUILDING PRODUCT MODEL
Q []

Scale 1:100 H

—=- /N .
—0 |

Figure 1.1. An illustration of the difference between the current document oriented

approach for data exchange and the proposed product model oriented approach
[Bjork 1989].

Current CAD tools are oriented towards specification of design solutions in
terms of geometric and material properties while the design intent, functional or
performance requirements remain uncaptured. Some stand-alone methodologies,
eg. QFD - quality function deployment [Huovila et al. 199Sgrpell and Wag-

ner 1997 exist to support systematic customer needs analysis and requirement
specification. In the domain of product modeling some theoretical research has
been carried out also concerning the inclusion of performance requirements
[Gielingh 1988] and this has also been considered in this study. In general, how-
ever, systematic management of this type of information and knowledge
throughout the delivery process is largely non-existent.
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Research priorities in construction industry

At a recent conference on "Computers and Information Technology in Con-
struction”, some research priorities for information technology in construction
were defined [Grilo et al. 1995 Augenbroe 199K [Eastman et al. 1995]:

» The focus of research is moving from product modeling towards process
modeling.

» The effective management of the interdependence of the construction process
will require that construction companies re-engineer their business processes
and networks in order to form IT-enabled networked firms [Yusuf et al.
1997].

* Improved IT-tools and methodologies are needed to support new process or-
ganisation modes (e.g., "Design and Construct”), which provide a more op-
timal division of decision making and responsibilities.

» There should be effective use of the performance approach as a basis for
project definition.

Based on the above discussion one promising solution lies in transforming con-

struction processes in such a way that the incentive mechanisms which are the
consequences of different contractual arrangements encourage product and pro-
cess improvements and innovations. Companies offering services and products
to construction projects should be given performance requirements rather than

prescribed solutiondaitinen 1995%.

Since 1985 the problems and possible solutions discussed above have in Finland
been in focus in the planning and execution of a number of large publicly funded
R&D programmes. The major programmes, their objectives and duration, are
shown in the table below.

The research effort described in this thesis should be seen against this back-
ground. It has been strongly influenced by the RATAS programme and can be
seen as a forerunner to the types of projects currently being initiated within the
VERA programmgVERA 199§.
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Table 1.1. Major publicly funded R&D programmes in Finland.

R&D programme | Objective Duration

BEC Standards and toolsto support CAD | 1984-1994
and product model dataexchangein | (svera projects)
the precast concrete industry

TAT A comprehensive and open system for | 1984-1989
building design and construction

RATA2000 New process for construction and 1985-1990
practice for contracting

RATAS Specifications and models for com- 1985-1995

puter inte-grated construction using (several projects)
building product model

VERA The utilisation of product information | 1997-2002
techno-logy and information networks
within construction processes

1.3 Some features of the Finnish construction market

In order to set the context for this study it is useful to go through some key char-
acteristics of the Finnish construction industry and how it differs somewhat from
the overall European picture. Some characteristics are listed below:

» The contracting and building materials industry is quite concentrated to afew
large players which work in an international market.

» At times major contractors and design firms have done quite a significant
amount of export work. The former Soviet market was a significant market
dueto bilateral trade agreements.

» From the 60ies to the end of the 80ies the best way to make profits in con-
struction was to buy land cheaply, develop it, and sell it for agood price. The
influence of production effiency on company profits was secondary to mar-
keting and other issues (including negotiations with local authorities).

* The use of precast concrete elements is widespread (the market share in
building frames is 60-70%) compared to other countries.

In the early 90’ies the Finnish economy went into the worst recession during this
whole century, with unemployment reaching a record high of 19% in [FB&

1997. This had catastrophic consequences for the construction industry, which
has a tendency to react even stronger than the economy as a whole to business

8
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cycles. The development of the volume of building construction in figure 1.2 il-
|ustrates this situation.

Building construction in Finland

70

60 +

50 +

40 1

30 +

20 +

10 +

Production (million cubic meters)

0

L B B B B B E H
<o) o N < (o] o) o N < © [e0)
N~ [¢¢] [c¢] [c¢] [ee) [ee) (<) (2] (] (<) (<)

Year (from 1978)

Figure 1.2. Construction market development in Finland [RTS 1997].

The Finnish construction industry has consequently undergone a very severe cri-
sis, including several bankruptcies and take-overs by foreign companies, from
which it has started to emerge only from 1996 onwards. In order to stay in busi-
ness construction companies now have to focus much more than in earlier dec-
ades on re-engineering their production processes, providing more vaue for
their clients at alower cost. This has been a major motivation for this research.

Contracting forms in Finland

The most frequent contracting forms in Finland are (by percentage of total proj-
ect numbers) [Tiula 1993]:

» Genera contract 35%
» Divided contract (split contract) 45%
» Design and construct contract 20%

Other forms, e.g. target price or unit price contracts, occur only seldom in spe-
cial cases.

In a general contract, also called bid and construct, the client has only one
contractor (main contractor), who generally himself takes care of the construc-
tion. The contract is based on a lump sum, which may be corrected by unit
prices. The general contractor has severa sub-contractors. Usually sub-
contractors execute earthworks, mechanical, electrical and similar specialised
works.



Model Based Construction Process Management

In Design and construct contracting the client employs a general contractor,

who is responsible aso of design activities (can usually choose the design con-
sultants). This form of agreement has not been popular so far in Finland, com-

pared to other European countries, especialy in Middle Europe where the share

of Design and Construct is 30-45% [Lahdenpera 1995In the "Open Building”
approach e.g. in performance driven construction, this contractual form seems to
be the most suitabl&onchar et al. 1997

1.4 The Case company YIT Corporation

YIT Corporation’s roots extend back to 1912 when the company began opera-
tions in Finland as a contractor for urban, municipal and industrial water supply
and waste water treatment projects. During the next decades the company’s op-
erations extended step by step to infrastructure contracting, industrial construc-
tion as well as building construction and housing. Today YIT is Finland’s larg-
est contractor, a privately-owned limited company with approximately 1,500
shareholders. The company’s net sales in 1997 were FIM 5,597 million with the
number of personnel averaging 6,531.

YIT provides a full range of construction services including housing and build-
ing construction, industrial construction, civil engineering, mechanical con-
tracting and maintenance. YIT Building Construction is the biggest business di-
vision with a 46 % share of overall production. YIT Building Construction is the
leading contractor for residential, office and industrial facilities in Finland, with
residential buildings constituting 55 % of its total production. The operations
also cover design control, the purchase of plots and other services such as reno-
vations.. Various forms of contractual relations and implementation are used,
with over 60 % of the production being carried out in design and construct proj-
ects[YIT 199§].

YIT Building Construction has an internal R&D -department, which focuses on
customer decision supporting systems, quality systems and business process
reengineering supported by enabling IT-technology. One of the division’s main
development projects in 1998 is to develop new tools and comparative methods
for establishing the environmental impacts of construction over the entire life-
cycle of buildings. The author of this thesis works in YIT's Building Construc-
tion Division and is in charge of the development of business processes sup-
ported by information technology.

1.5 Aim and objectives of this research

Against the background described abtheoverall aim of this research was to
study how the data management of a general contractor, who mainly aims at
working in design and construct projects, can be improved, in order to provide
better client value and more cost-efficient production. For the client the key is-

10



Introduction

sue lies in the information provided for decision support. For the contractor the
major improvements can be foreseen in the tendering activities as well in cost
and value engineering management.

In order to achieve such improvements the operational target was to be able to
manage requirements information, design and production information in an inte-
grated manner throughout the construction process. In essence this meant that
the research focused on methods for re-engineering the information manage-
ment of the main contractor, using product modeling as major enabling tech-
nology.

On amore detailed level the objectives of the study were:

e |dentify the ways in which design information can be made amenable to
computer interpretation.

» Define the structure and content for a cost and vaue engineering manage-
ment system.

» Demonstrate the working parameters of a cost and value engineering man-
agement system.

1.6 Methods

The starting point of the research was in analysing the construction process
chain throughout the whole life-cycle from the briefing phase to the use and
maintenance phases. The analysed phases were: client briefing, design, produc-
tion planning, construction and building use & maintenance. There are actually
three different processes which were considered from the information manage-
ment point of view:

» the customer service process, how to provide decision support and servicesto
the customer throughout the building project,

* The teamwork between designers and contractors in design and construct
type projects and

 the construction materials and subcontracting supply process

These construction process chains areillustrated in figure 1.3.

The main focus of the study is in the contractor’s activities, especially in design
and construct -type projects. The key process stages are design, production
planning and construction. The information transfer between the actors and
across different phases of the process as well as the overall management of in-
formation are the key subjects in this research.
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Design &
Construction

process

Supply
process

Figure 1.3. Construction process chains, three viewpoints.

The proposed solution is the use of so-called model based information manage-

ment. Instead of managing the traditional paper or CAD-drawings the target isto
manage the information using the product model approach. In practice this
means that the contractor has the ability to create a production model from the
designer’s data (which could be available either as paper drawings, CAD-files or
in the future as product model objects). After creation the model can be inte-
grated with the contractor’s applications for cost estimation, scheduling etc. and
can finally be used to provide services for the customer. The increase of the
value of the manageable information is illustrated in figure 1.4.

Document based
information

E Modelling

Figure 1.4. Construction process chain from the information management point of
view in the model-based target process.
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Introduction

This study has been accomplished through the definition, pilot testing and im-
plementation of an integrated information management system for a main con-
tractor. It is important to remember that the study, the individual projects in
which it was done and the results can be viewed from a number of different
viewpoints:

From the viewpoint of the company involved (initially Haka, later YIT) the
individual projects, rather than the study as a whole, were devel opment work,
which was expected to yield tangible results in the form a working prototypes
and methods which can be further developed to be used as a part of the com-
pany’s IT system.

From the viewpoint of the public bodies, which have provided part of the
funding, the projects can be categorised as applied research. The primary aim
has been to provide proof of concept that product modeling technologies,
which to some extent have been developed also in earlier Finnish projects,
can be made to work within the framework of an individual company. A
major motivation has thus been that the possible successful results would in-
spire other construction industry companies to start similar efforts which
would have positive effects on the industry as a whole.

From the viewpoint of academic research, that is KTH’s viewpoint, the study
taken as a whole has, through its emphasis on business process reengineering
and testing in an industrial setting, provided an interesting contrast to the
bulk of academic building product model research reported during the last
decade, which usually has been conducted as conceptual modeling supple-
mented by quite limited prototype work. It is also worth mentioning that this
study has been conducted as one of several Ph.D. studies concerning product
modeling[Svensson 1998[Tarandi 1998 [Jagbeck 1998carried out si-
multaneously at the department of construction management and economics
at KTH. This has offered good opportunities for cross-fertilization of ideas
between projects with partly similar aims conducted in two different coun-
tries (Sweden, Finland).

The basic overall development approach of this study was to work from a higher
abstraction level step-wise down towards a detailed, implementable level. This
involved first defining a framework methodology for how cost engineering ac-
tivitites should be integrated with design, and then formalising the methodology
as process and data models. From these models generic concepts and functions
were extracted in order to define general purpose software components. Finally
this enabled concrete exploitation through a collection of specific software ap-
plications. The development process has not been strictly sequential but has in-
cluded feedback, in the sense that the final process and data models have been
taken into account experiences gained during the testing phase.
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The development methods used throughout this study are based on commonly
accepted software engineering practises, official international or draft interna-
tional standards as well as de facto standards. For process modeling IDEFO (also
known as SADT [Marca and McGowan 1987]) has been used. Product modeling
has been accomplished using ISO/STEP [ISO 1993a] methods. EXPRESS and
EXPRESS-G [I1SO 1993b] were used for data modeling, and the STEP data ex-
change format was one of the methods used for actual datatransfer.

The bulk of the research reported in this thesis has been carried out in two inter-

related Eureka projects in which the author acted as international co-ordinator.

The first was Eureka 520, CONCIM (1991-1993), where the basic analysis of
the construction process was carried out. The main result was in the form of
IDEFO-models describing the information flows between activities and a first
draft definition of the re-engineered process. The other project was Eureka 1077,
COCON (1994-1996). The main result of this latter project has been the defini-
tion and implementation of the enterprise model and cost and value engineering
management tools for the YIT-Corporation. During the project a real pilot test
using the product model approach and involving all disciplines (designers and
contractors) has been carried out. In addition part of the theoretical work has
been carried out outside the above mentioned projects as part of the Ph.D. stud-
iles at KTH, involving literature studies, regular seminar work with the rest of
the research group at KTH and patrticipation in international conferences. Figure
1.5 illustrates the research framework.

« Defined targets for the modelling
« Target process definition

Analysis

of construction ¢
, process value
chains
« Cost and Value Engineering Prototype
Definition, * Pilot test results

« International modelling implementation

research results and testing the
. RATAS framework . model * Production model
« Preliminary Construction 90 . « Cost and Value Engineering
« National construction Construction

industry strategies process
reengineering

EU520, CONCIM EU1077, COCON

1991-1993 1994-1996 1997-

Figure 1.5. Research framework of this thesis.

The research reported in this study belongs to the genera category of case stud-
ies, which is one type of research discussed in the standard textbooks on re-
search methods [Walker 1997], [Seymour et a. 1997]. Although this type of re-
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search is quite common in fields such as management studies or construction
economics and management, it seem rare in conjunction with the application of
a technology such as product modeling. Most of the reported research on prod-
uct modeling has discussed conceptua schemas of buildings or parts of them
and has included only small scale prototyping in aresearch setting.

This kind of research, which includes wide scale testing of changed business
processes can only be possible to carry out in close co-operation with industrial
companies in order to follow the strategic business targets of the companies and
to verify the resultsin real projects. The first Eureka project was done within the
HAKA Group. After the bankrupcy of HAKA in 1994 the work has been con-
tinued in the Y I T-Corporation where the author is currently employed.

1.7 Structure of the thesis
This thesis comprises eight chapters covering the main stagesin the research.

» Chapter 1 has described some overall problems of the construction industry
and a number of business management philosophies and supporting tech-
nologies, which seem to offer solutions to solve these problems. It also
shortly presents the aims of the study.

o Chapter 2 studies the problems and shortcomings of current information
management methods in construction, with an emphasis on an analysis of the
current process within the case company.

» Chapter 3 studies current technologies and devel opments within construction
product and project modeling, i.e. the available supply of tools. Enabling
technologies are surveyed and other research related to this study is re-
viewed.

o Chapter 4 defines the requirements for better information and process man-
agement for the main contractor as well as a proposed ideal target process
based on these. The target process is described using the IDEFO modeling
technology.

» Chapter 5 describes the technical solution for the target model. The chosen
knowledge based engineering tool which was used for the creation of the
model is described.

o Chapter 6 presents the material used for testing the proposed model in real
building projects including the integration of the model with a tendering/cost
estimation system. Internet has been used as the mechanism for data transfer
between actors.

» Chapter 7 discusses the results of the pilot tests and describes the experiences
which have been acquired. The research results are evaluated against the ob-
jectives of the study. The scientific validity and weaknesses of the study are
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discussed and some future developments are proposed and some conclusions
drawn.
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2 ANALYSIS OF THE CURRENT PROCESS MANAGEMENT

2.1 Typical problems in construction process management

In this study the construction process used today by the case company, YIT, has
been analysed throughout the whole life-cycle of the process. The analysis has
been carried out through interviews with experts in the company, through stud-
ies of existing project documentation and internal company guidelines as well as
a study of the software tools currently used in the company. The analysis work
has partly been carried out using the formal IDEFO modelling tool.

The focus has been on the main contractor’s viewpoint and on information and

process management. Quality management plays a minor role in this context.

Some of the findings could, no doubt, be generalised to the processes in the con-
struction industry in general, but such claims are not made since no empirical

studies have been made outside the two companies involved in the different
phases of the research (HAKA and later YIT).

According to the study the main shortcomings of the information management
methods used by the contractor, either in “bid and construct” or “design and
construct” type projects, may be summarised in two main points:

* From the customer’s point of view; the contractor cannot provide sufficient
decision support throughout the process.

* From the contractor's own point of view; poor information and data man-
agement, especially concerning the integration and sharing of data.

In the following this study focuses on the contractor’s information management
and exchange activities, especially in design and construct type projects. The fo-
cus on this contractual type has to do with an overall aim within the company to
increase the share of this kind of contracts. The analysis covers the whole
building process life-cycle, from briefing to hand over. Solving some of the
contractor’s own information management problems should also indirectly im-
prove the customer service process. Customers are more concerned with what
information is provided and exchanged - not so much with how it is exchanged
[Bacon 199F.

Using the construction process chain description from chapter 1, some major
current problems which were identified were:

In the client service process:

1. There are no tools to create enough information in the briefing phase to ade-
guately support decision making and no capability to use information from
reference projects as cases effectively. Other researchers have reported simi-
lar problemdBindorf et al. 199}.
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2.

Hand over and as-built information for users and ownersis poor.

In the design & construct process:

3.

4.

Construction

The information exchange between designers and between designers and
suppliersisusually limited to paper drawings and is thus slow.

The information flow between designers and the contractor is mainly based
on drawings. Contractors are not able to efficiently use design information as
basic data in their own applications. This type of problem has also been dis-
cussed by Luiten who points out that this causes too long tendering lead
times and inaccurate cost estimations [Luiten 1994].

The contractor's systems do not work together (no internal integration). In-
formation which has been input into one application cannot be transferred to
other applications.

In general the feedback mechanism is poor. There is no upstream feedback
from the use phase to briefing at the start of later construction projects. A

consequence of this is that estimations for life-cycle economy and other as-

sessments are based on very limited knowledge.

Briefing Design Plan Construct | Use & maintain

service
process

Design &
process

Supply
process

Figure 2.1. Identification of shortcomings in the information management across the
construction process. The numbers in the diagram refer back to the main text.

In summary there is lack of IT-supported systems that are able to integrate the
information management process both horizontally and vertically [Laitinen
1995]:

Vertically in the sense of managing the creation, revision and exchange of in-
formation carried out simultaneously by several partners.

Horizontally in the sense of transferring information across the process from
one phase to another.
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» Longitudinally, from project to project, as defined by Ferguson and Teicholz
[Ferguson and Teicholz 1993].

2.2 Description of the building process (as is)

The description of YIT's current building process below is presented as IDEFO
diagramgMarca and McGowan 198.7Since the process description is based on
YIT's viewpoint, the activities of owners and designers are in a minor role. A
more general analysis of current Finnish practice can be found in the generic
present-state systematisation done by YKarhu et al. 1997 The focus in the

model presented here is in the co-operation between designers and contractors
(in Finland contractors do not have in-house design departments at all nowa-
days) and on information flows and their contents. The model is focused on de-
sign and construct type of projects, where the contractor has the responsibility
for the design activities.

The top level of the IDEFO model consists of one single box (Figure 2.2) which
illustrates the whole construction project. The major outputs are a building ready
for use by the client or other end users and the documentation about the build-
ing, which according to today’s practice is in the form of paper documents, such
as drawings.

Legislation

Quality systems
Strategic decisions in YIT

Resource availability

Building
Customer's needs and documentation

preliminary plans Design and F———————»
construct Bulding for
s building —
roducts Facility service to the
AS-IS -process customer’s core business
A0
YIT project
team
NODE: TTLE:  Design and construct building AS-IS -process NUMBER:

A-0

Figure 2.2. A-0, Design and construct building, as-is process.

On the second level (AO) a wider view of the life cycle construction process is
described using four different activities (figure 2.3). The activities are the cus-
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tomer’'s own purchasing process, the main contractor’'s design&construct proc-
ess, the maintenance of the knowledge libraries and bases of the contractor and
the use and maintenance of the building. In the actiWiwhage procurement

(A1), the customer’s procurement process is defined. The main outputs are deci-
sions and contracts which are controlling the contractor’'s activities, and more
detailed requirements and rough plans as input for the contractor. The second
activity, Manage design and construction process (A2), focuses on YIT's in-
formation management process throughout the life cycle of a building. The main
outputs are building documentation and information to support the customer’s
decision making , which is on a very general level and should be improved. The
other outputs are the building ready for use and production process documenta-
tion for YIT's knowledge base, which should have a strong feedback mechanism
to the process management. This study focuses mainly on this activity (A2). The
third activity, Maintain YIT’s knowledge libraries (A3), describes the mainte-
nance of the company knowledge of on-site construction which forms the basis
for production planning. The main output is the knowledge of production meth-
ods, recepies (production structure including labour and required equipment to
complete a construction element) and related recources (e.g. prices). The fourth
activity, Use and maintain building (A4), focuses on the user’s activities during

the life-cycle of the building. This is today poorly supported by IT systems.

ca c1 Stated c3 c2
rategic ;
Resource Legislation decisions Quality
availability nYIT systems
Customer’s e
Customers needs and
reliminary plans
i P Manage
procurement
(customer)
—>
Al
Stated
requirements ( ) ( ) Building documentation
» 01
~
Mar_'nage Building for use
| Materials, design & a »>02
—>
Products construct _ Process
documentation
A2
Information for V
L decision support Maintain Recipes
YIT's know- S resources Facility service to
ledge libraries the customer’s core
A3 business 03
() _ ,
Customer N > . .
Use & maintain
building
.-
! A4
Production manager |
I
YIT project team (|) Building users,
M1 FM organisation
NODE: TMLE  Design and construct building AS-IS -process |NUMBER:
A0 ]

Figure 2.3. A0, Design and construct building, as-is process.
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On the next level of (A2) (Figure 2.4) the aggregated main activity Manage de-
sign and construct has been split up into 6 different activities and is modelled
throughout its life-cycle from defining the brief for the customer (A21) to hand-
over to the user (A26). The inputs and outputs are still the same as on the previ-
ous level, but there are severa intermediate outputs, such as the room schedule
resulting from the briefing activity, which are used as controls or input for later
activities.

C5 c2 C3
Strategic Customer's decisions Resource
decisions in YIT ) ilabilit
; udget price /Commcn project eedback for avarabilty
objectives designers
Define b )
brief -Architect's sketchgs ] 3 l ] h
A2l I Tender _ — Information for
Do and /documents o o decision support
11 Room sthedule + supervise =
uality requirements .
Slatgd quality req design
requirements
A22[ 7Y —— N
Design Manage Production Tender to
solution  ~——— cavVv cost framework customer
— engineering T T ~
Recepies, resources Production
13 — A23 l plans
74 Process
) Plan documentation
- —» i
Designers production
A24 l
Materials, 4 Building
documentation
| Products Construct L o1
A25 uilding
4 S
Building for
) Manage | . o
Design manager, Design Rpduction hand over |—— 02
Department leader manager | manager
> A26
L L L z Wi j
T YIT project team
M1
NODE: TITLE: Manage design & construct NUMBER:

Figure 2.4. A2, Manage design and construct, as-is process.

The activitiesincluded in the design& construct are: Define brief to the customer
(A21), Do and supervise design (A22), Manage cost and value engineering
(A23), Plan production (A24), Construct (A25), and Manage hand over to the
customer(A26). (Cost and value engineering means the contractor’s evaluation
of the design solution in terms of scope, efficiency, cost and functionality.)

The process shown is straight forward; the information flow is clear but not easy
to manage due to the format of it (documents) and thus deliberation of alterna-
tive solutions and analysis of their influence are missing.

Based on the interviews and analyses of the IDEFO models the support for the
decision making of the client as well as of the contractor is needed the most in
the briefing phase. In the designer-contractor collaboration the biggest needs and
problems are in tendering pha3the contractor should be able to use infor-
mation coming from the designers as it is as input data, and to merge with it
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his own construction know-how. Another key issue is cost and value engi-
neering i.e. the ability to analyse design solutions from the perspective of
accomplishing the construction, as well as to examine alternatives and the
impact they will have on the overall costs. In the following these three issues
are discussed.

» Decision support for the customer

» Information exchange between the designers and the contractor in the ten-
dering phase

» Support for cost and value engineering during construction planning

2.2.1 Decision support for the customer

In YIT’s current practice, the customer’s needs and demands are not in general
specified in sufficient detail, and they are not presented in the form of measur-
able attributes. The checking of quality requirement fulfilment, is based on the
design supervisor’'s own viewpoint and judgement. Design solutions that fulfil
the customer’s needs and demands, being yet cost effective and easy to con-
struct, are difficult to find.

In residential construction projects, the customer is presented few alternatives
with little choice. The contractor has difficulties in knowing of the alternatives

or their impact on the total costs or on the project process. Use and maintenance
cost assessment (life-cycle costing) is hardly carried out in the design stage, es-
pecially so in residential construction projects.

The following figure 2.5 illustrates the discrepancy between the client’s initial
expectations and the end result he finally gets. The different factors that contrib-
ute to this discrepancy are further explained below.

22



Analysis of the current process management

Customer need /
delivered performance

Interpreted requirement :

A As designedﬁperformancé

Figure 2.5. An illustration of the origins of the discrepancy between initial customer
expectations and the final result. The figure is based on answers to questionnaires
from owners and users.

1. The customer is not able to express his expectations in a formal or verbal
way.

2. The designer interprets the requirements in a different way that the customer
assumes.

3. Thetechnical solution chosen does not fulfil the requirements.

4. The contractor takes into account constructability issues in planning the exe-
cution, which may be in conflict with the client’s or designer’s intentions.

5. The actual work is carried out differently from the plans, due to poor quality

assurance etc.
6. The building is not operated and maintained according to the instructions.

The overall conclusion is that there are two main causes of this discrepancy: in-
adequate information management and the inherent conflict between customer

and supplier.

In figure 2.6 the briefing phase is described in more detail. The lack of decision
support is the biggest problem in this phase which causes the first discrepancy.
The budget price is based on the room schedule, the architect’'s sketches and
YIT's general information of costs per space (chapter 3). There are not available
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I T-systems that support e.g. case based reasoning [ Schmitt 1993], [Smith 1996],
soitisdifficult to use previous building projects as cases.

Cc1 c2
Customer's
decisions
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decisions
inYIT

ist of product's character
and requirement Common project

) biect
Define general objectives

. »02
|y Steted requirements }

requirements in project

N
A211

Define quality Architect's sketches
requirements
M and create Room schedule +

room schedule quality requirements

» 03

04

A212

Make budget ‘
price for the Budget price
customer

A213

o1

J
L
( ) § L Department leader J
Architect
Design manager,
Department leader
M1
NODE: A21 TITLE: Define brief NUMBER:

Figure 2.6. A21, Define brief, as-is.

2.2.2 Information exchange between the designers and the contrac-
tor in the tendering phase

A prerequisite for integrating the design and construction management is a con-
flict-free exchange of design data between the partners and from system to sys-
tem. Today it is very rare that all the partners use the same type of IT-
application or have the same requirements for the content of the data to be proc-
essed.

In figure 2.7 the activity, Do and supervise the design process (A22), is splitin

to six activities. The transfer of design data between the various partners is cur-

rently predominantly based on 2D -drawings, which mainly are exchanged as

paper documents, even though they are increasingly CAD-produced. The ex-

change of paper documents is quite slow. Particularly in the early design stages,

the other designers participating in the design process (structural-, building
services- and other specialised consultants) have to wait for the architect’s de-
signs and changes before they can proceed with their own work.

The same design information appears in several documents and there is too
much redundant information, so updating data is problematic. For this reason,
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design documents are often mutually conflicting. In current practice much of the
formalised procedures dea with the management of whole documents, not so
much the management of the information within the documents.
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Figure 2.7. A22, Do and supervise design, as-is.

It isdifficult to integrate the I T applications used by the various partners. Design
information is transferred on paper documents or by diskettes, from which the
other partners input the needed data into their own applications. Even if design-
ers are using CAD-systems, the data structures they use (symbol libraries, lay-
ers, reference files) are usualy company-specific. There have been a few pilot
projects in Finland where all designers have used AutoCad in an organised way
[Vahala 1997]. Still this type of integration has only facilitated the exchange of
the graphical aspects of design data, for instance using low level standards such

as DXF. The lack of standards concerning the layering of CAD-files has been
the major problem, although a draft international standard for structuring layers

in computer aided design has been published recently [Bjork et al. 199§. Trans-
ferring design information from one phaskthe project to another is mainly
based on paper documents. For this reason, actions are often duplicated in the
course of the project.
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To summarise, the problem lies in the methods for data exchange; the data
should be in usable form for al partiesinvolved. This problem is due to the lack
of either standardisation or suitable methods supported by IT tools.

2.2.3 Support for cost and value management during construction
planning

In present-day design practice attention is focused primarily on describing the
building using documents, not on specifying data describing the building in
models which are directly interpretable by computers applications. The process
has been divided into clearly successive design phases, in which decisions of
various levels are made and the decisions are documented in the form of draw-
ings, specifications and schedules.

According to the Finnish practice, the design process can be sub-divided into
brief design, conceptual design and main design. In addition, additional design is
performed during the construction preparation stage and even throughout the
construction work. The cost estimates required during the various design stages
are the target cost calculation, the building element estimate, and the product
structure estimate. Much of the cost information generated in a particular design
stage is lost when moving on to the next stage. The linkage between design
stages and cost estimation is shown in figure 2.8. The figure also illustrates the
accumulation (and subsequent loss) of cost information.

Cost-
awvareness A

Time
Brief design Conceptual design Main design
| g > > >
Target cost Building element Product structure
calculation estimate estimate
(space calculation) (building element (building element structure
calculation) calculation)

Figure 2.8. Cost-awareness as the design work progresses.

Design cost control in Finland is based mainly on the comparison of character-
Istic figures of the effectiveness of the design solution and on scope calculations.
The cost estimates in the functional design stage are usually based on statistics

in the annually published ‘Kustannustieto-kirja’ (‘Cost Information Book’). A
cost estimate based on building elements is normally not made before the
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working drawings have been produced (conceptual design stage). This being the
case, the real cost impact of the decisions and choices made, based on the previ-
ous experience of the contractor, are not known in the design stage. At the stage
in which the cost impact of the solutions chosen is at its highest, decisions
are frequently based on guesswork and assumptions.

2.2.4 Cost and Value engineering, prevailing practice in YIT

YIT Building Construction’s cost and value engineering (CVE) management
constitutes a part of the company’s quality system, which has been awarded
ISO-9001 certification. According to YIT's quality system, the aims of system-
atic cost and value engineering are:

» Decisions affecting design solution should be made on the basis of true, re-
searched information, in the right order and at the right time.

* Any need to revise a design solution should not to be caused by inadequate
co-ordination or poor management.

» The viewpoints of production and of the client should be reconciled, taking
into account the aspects of functionality and aesthetics, into an economically
feasible product.

The procedure used currently by YIT is based on the cost and value manage-
ment principles defined in the annually published “Talonrakennuksen kustan-
nustietokirja”. These have been defined by the Construction 80 group originally

in the 1970’ies, and follow international construction cost engineering practice
relatively well. The analysis of designs at the draft phase is largely based on the
comparison of characteristic figures. The most frequently used indicators are
square meters of gross/net floor area and net/gross leasable area which describe
extent. The management of the main planning is based on the building element
system in accordance with the Construction 90 classification tables (see chapter
3).

The temporal management of design is based on the project schedules of the
various phases which are revised as the project progresses. Excel applications or
Planman-Project management software is used as a tool for time schedule plan-
ning.

The qualitative management of design can be divided into two different sub-
tasks; the management of the quality of the drawings (clear, unambiguous
documentation etc.) and the management of the quality of the design solutions
themselves. The management of design quality is based on reviews of compli-
ance with the objectives set in the project briefing phase.

Figure 2.9 illustrates how one of the most important of the contractor’s activi-
ties, cost engineering, is done in a traditional Wisk¢. quantity survey (A231)
from tender documents is done either by hand or digitising and it's also possible
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to use outside Quantity Survey (QS)-companies. Alternatively the client may
provide the quantities.

Usually the documentation is on paper, altough the tendency is towards getting
cad-files dso. CAD-filesin adigital form are, however, usually not a sufficient
basis for automated quantity take off, due to a lack of standarisation. In tradi-
tiona CAD, drawings consist of a vast number of lines arranged to describe a
building. It is not easier to collect data for cost estimating from a conventional
CAD image than from a hand-drawn drawing. Some remedy is offered by well-
structured layering schemes, which enable the selective viewing of different
building e ements one at atime.

Once the quantities have been determined it's a rather straight-forward process
to produce a cost estimate and a bid. However, systems which enable the rapid
generation of alternative design solutions or the comparison of alternative pro-
duction methods as a basis for bidding are not available. The current process is
so labor-intensive and slow that there usually is no time to study alternatives.
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Figure 2.9. A23, Manage C&V (cost and value) engineering, as-is.

The success of a detailed cost estimate is critically affected by the success of the
guantity surveying activity. Quantity surveying involves a lot of work, depend-
ing on the size and type of the building. The amount of quantity surveying work
is also influenced by the calculation methods chosen and the available tools,
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such as a digitising board. Quantity surveying is the most time-consuming part
of a contractor’s tendering process.

In quantity surveying the same data value will often be determined at least six
times during the projecinformation produced in the bidding or planning

stage is not usually structured in such a way (building element or work sec-

tion breakdown, measurement rules etc.) that it could be used directly for
purchasing or production purposes. Also, part of the project-specific data is

not transferred from one phase to another.

The use of resulting quantities during the construction process is as follows:

» Tendering; check the methods and resources, prepare tasks for quotation

» Scheduling; check the tasks and determine them

* Quotation planning; prepare quotations

» Task planning; budgeting according to tasks, quantities for final cost
estimation, planning of the delivery lots

* Quotation tenders and orders; quantities according to assemble partitions/
delivery lots

» Production control; as built quantities

In the following IDEFO diagrams (figures 2.10 and 2.11) this repetitive action of
guantity take off during the construction process is illustrated. After each design
phase similar actions will take place for almost the same purposes. The created
information is not used in the next phase.
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Figure 2.10. A231, Make quantity survey, as-is. Quantity surveys are carried out re-
peatedly based on design documentation in each different design phase.
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different contents. Repetitive actions characterise the process.
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2.3 Summary of shortcomings

The shortcomings in the building information management process are concen-

trated in two key areas: customer decision support and contractor’s information
management. From the customer’s point of view the design team together with
the contractor have a weak ability to serve him/her and provide decision support
throughout the process. This is due to the lack in creating enough information to
adequately support decision making and lack of capability to use information
from reference projects effectively as cases. Another key issue is the hand over
and as-built information for users and owners which is poorly defined and
documented.

From the contractor’s information management point of view a crucial short-
coming is the difficulty to manage data. Another is the poor integration between
different applications (tendering, production planning etc.). Information which
has been entered into one application cannot be transferred to other applications.
The contractor is not able to effectively use design information as basic data in
their own applications, because the information flow between designers and
contractor is mainly based on drawings. This especially causes too long tender-
ing lead times and inaccurate cost estimations.

The contractor should be able to use information coming from the designers as it
IS as input data, and to merge with it his own production knowledge. Another

key issue is cost and value engineering, i.e., the ability to analyse design solu-
tions from the perspective of accomplishing the construction, as well as to ex-
amine alternatives and the impact they will have on the overall costs.

In all the above problem areas, the key issue is efficient data management,
which the IT applications used by the case company cannot adequately support.
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3 STATE OF THE ART

3.1 Information Management Methods and Technologies Support-
ing Construction Process Management

Some key areas of construction information management and I T technology that
are particularly relevant to the topic of this study are discussed below.

Traditional methods used to create and manage the construction management in-
formation include:

» Classification systems for construction information. [Giertz 1995]
» Methods for construction cost estimation and process planning.
The key new information technology areais

Product data exchange, i.e., data exchange based on formal representations
ranging from aspect models in specific product areas to large scale integrated
product models [ Eastman and Augenbroe 1998]. The ultimate goal isto gain al
the benefits that information sharing on alarge scale can bring to the industry.
Examples and characteristics of shared project models can be found in [Fischer
and Froese 1996].

3.2 Classification Systems for Construction Information

Classification is a means to facilitate communication among the different parties
in the construction field. It has impact on the structuring of information that is
essential in data exchange between for instance designers and contractors, irre-
spective of if this data exchange is done in the form of traditional documents
such as drawings and written specifications as in the current practice or in the
form of models intended directly for use in computer applications as in the en-
visaged future practice. Logical structures of classification systems are discussed
for instance by Bindslev [1995].

At present there are many national classification systems for building elements,
work sections and construction products. Many of these are, nevertheless, rela-
tively similar in their overall structure, although they may differ a lot in their
detailed categories and coding principles. Examples of national standards in-
clude:

» The SIB system which originally was developed in Sweden, and from which
national variations have been developed in countries such as the UK and
Denmark.

* The BSAB system which currently isin use in Sweden. [ SB-Rekommenda-
tioner 1997]
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» The North American MASTERFORMAT classification and number system
developed by the Construction Specifications Institute (CSl) and
Construction Specifications Canada (CSC).

* TheBritish SMM7 (Standard Method of Measurement).

* The German StLB (Standardleistungsbuch).

* The Swiss NPK (Normpositionenkatal og).

* The Finnish Classification System Construction 90 [Tiula 1993].

A working group of the International Standardisation Organisation has recently

issued a draft international standard called “Framework for Classification of In-
formation” [ISO 1997]. One goal of the draft is to establish principles for the
classification systems of the building sector, including definitions of concepts
such as building element, space, work section etc. as well as the interrelation-
ships between the concepts. No work on the development of a full international
standard has, nevertheless, been launched. Ekholm discusses concepts of the
draft in a paper [Ekholm 1996].

In the following one of these national standards, the Finnish Construction 90
system is discussed, since it has been particularily relevant for this research.

3.2.1 The Construction 90, Element Classification in Finland

In Finland there is a tradition to control the cost and the quality of construction

using a building element breakdown. The preliminary cost appraisal systems,
construction master specifications, procedures for cost calculation during ten-
dering and construction cost follow-up are all based on using the same national
element tableTiula 1993].

The element system has its origin in the early 1970s, when the construction in-
dustry published a classification system to be used in electronic data processing.
The system was developed further in cooperation with public builders and con-
tractors. A new version has been published once a decade. The latest version is
called Construction 90.

Construction Elements

An element of construction is a functional part of the building fabric, designed
and built as a distinct unit. An element is identified in the design process by
breaking down the building fabric, to the level where a distinct functional part is
found. That part has an individual production structure, i.e., it is built of specific
construction products using specific skills.

There are two main types of building elements, those whiclvse the spaces

and those whicliink the spaces with technical services. The space-enclosing
elements may be callebnstructive elements. They are composed of more or
less ‘traditional’ building products, such as bricks, concrete, timber, building
boards, etc. Setting up a constructive element may involve several work sec-
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tions. For instance, a partition is built of a steel skeleton, mineral wool filling
and plasterboard linings on both sides. The way an element is composed of work
sections is in Construction 90 terminology called its production structure. A
production structure, including the labour and equipment required to complete
the construction element is called arecipe.

The space-linking elements may be called service elements, which also have a
production structure. A space heater, for example, may consist of a radiator,
brackets, sockets, sealers and athermostat valve.

The constitutional relations between the different concepts introduced above are
thus:

* A building consists of spaces (void) and elements (material).

» Theelements consist of work sections.

* Thework sections consist of products and labour.

» Inaddition to a classification of building e ements the Construction 90 classi-
fication system also includes other classification facets which can be used to
describe the different phenomena in a construction project. They are:

» A classification of spaces to be used in the planning and programming phase.

» A work section classification to be used in production planning and
subcontracting.

* A (physical) resources classification to be used in trading commodities
(construction products, machinery).

Table 3.1 contains an extract from an element based cost estimation, classified
according to the Construction 90 classification system.
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Table 3.1. An extract from an element based cost estimate, classified according to the

Construction 90 classification system.

Intermediate Slab /

Hollow Core Slab

Building YIT-Code Building Element Description Total Quantity
Element
Code
Building | Method Code Method Description Quantity
Element
Code
Resource Code Recourse Description Quantity

F27 25 0005 Hollow Core Slab Element 184 unit
Assembling with Tower Crane
125001 Element Assembling 1859 h
2 315000004 Neoprene Tape  4*40 mm 4859 m
4211201 Derrick Boom 46d
F27 (25 0265 Hollow Core Slab Jointing 265mm 1534 m
with Steel, no Work
2 311300012 Reinforcing Bars A 500 HW 12 mm 1090 kg
2 311300900 +Transportation 1090 kg
2 312100056 Ready-mixed Concrete K25/8 mm 2-3sVB 212 md
2 312190514 +Transportation / Ready-mixed Concrete 169,4 m3km
2342110152 Timber 19*100 pl/kl 168,7 m
2342110279 Timber 50100 vs/vi 2109 m
F27 (25 0903 Casting on Site h=265 97 m?
121001 Concrete Formwork 436 h
122001 Reinforcing 348 h
123001 Concreting 194 h
2 311300008 Reinforcing Bars A 500 HW 8 mm 967,8 kg
2 311300900 +Transportation 967,8 kg
2 312100056 Ready-mixed Concrete K25/8 mm 2-3sVB 26,9 m3
2312190514 +Transportation / Ready-mixed Concrete 215,4 m3km
2342110279 Timber 50100 vs/vi 2439 m
2 342110900 +Transportation / Timber 0,5 load
2361300344 Plywood Board 12 mm | 7,3 m?
2 361300900 +Transportation / Plywood 0,5 load
4112010 Supporting Poles 1.75-3.40 m 4839 d
F27 25 2265 Hollow Core Slab 265 mm, 1348 m?
Purchasing
2 315330266 Hollow Core Slab h=265 mm 1348 m?
2 315330800 +Precast Hole 1348 m
2 315330912 +Transportation / Hollow Core Slab 120 km 485,3 ton
F27 (26 1001 Finishing of Concrete Element 1348 m?
Surface
199001 Work 43h
2 335100050 Correction Mortar (40 kg) 1483 kg
2 335100900 +Transportation / Mortar 1483 kg
31 000000X Subcontractor's Work 80,9 h
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3.3 Methods for Construction Cost Estimation and Process Plan-
ning

Over the decades a number of methods for cost estimation and project planning
for different stages in the construction process have evolved [Fischer and
Aalami 1995], [Aalami and Fischer 1998]. These methods rely quite heavily on
having information classified according to some classification system structured
as discussed above, including company-specific specialisations. Rather that dis-
cuss such practices internationally the following discussion concentrates on pre-
vailing Finnish practice.

The recommended national quantity surveying and cost calculation practice is
based on the following conventions which lend themselves to different stages of
the construction process:

» Cost calculation by spaces for the preliminary design stage.

» Cost caculation by building elements for the tendering stage.

» Cost caculation by work sections and resources for the production planning
stage.

The first cost estimation during the early part of the design process, the target
cost, is based on information about the required spaces and their overall quali-
ties, as specified in the room schedule. The cost for these spaces is estimated
using historical data on per square meter costs in similar projects. The procedure
involves a method, which allows to take into account the project specific quali-
tative features.

In the design stage the building costs can be calculated from the quantities of
different building elements, calculated from the architectural drawings. An up-

dated general price list of elements, both as a printed yearbook and as a datafile
(“Talonrakennuksen kustannustietokirja”) is available. The target cost and the
building element cost are comparable.

The next step is the building specification. The specification is arranged ac-
cording to element types, writing an individual clause for every different pro-
duction structure of an element.

In the tendering phase the building element system is widely used. In cases
when the tenders are requested on the basis of the client’s bill of quantities, they
are always based on quantities of elements. Most contractors have detailed price
files for the production structures of common elements according to their com-
pany’s methods of production. For exceptional elements, the unit cost can be
calculated by breaking down the production structure into work sections and, if
necessary, further into resources.

Typical IT tools used today for cost estimation include spreadsheets, relational
databases and dedicated scheduling software. A crucial feature in current best
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practice is the contractor’s ability to link experience data from past projects (for
instance what work sections and what amounts of resources are typically needed
to build particular types of building elements) to data for new projects emanat-
ing from the designers. The classification codes offer significant support for this,
but nevertheless a substantial part of the process is manual and laborious. This
has to a large extent to do with the fact that the IT tools generating the designs
(essentially building elements) and the ones used for processing the cost calcu-
lations are rather incompatible.

3.4 Product Data Exchange

3.4.1 Data Exchange As Documents Versus Models

The traditional way of exchanging information in the construction industry
could be called document centred. Designers and other participants in the proc-
ess have produced documents on paper such as drawings, written specifications,
bills of quantities etc. Although computers offer substantial help today in the
production of these documents the data exchange and management procedures
are still very focused on documents, which have an important legal status. The
emerging product data technology offers a radically different way for the ex-
change and sharing of information, making full use of the potential offered by
computer networking and data base technology. It is the ability to share infor-
mation in digital format throughout the building process, that would take the
utilisation of information technology in building construction to the next level
with greater benefits, not the small enhancements in the features and functional-
ity of individual computer applications, inside discipline areas.

Figure 3.1. depicts the reduction of redundant communication in product data
exchange. Shared data is stored only once, in a product model from which the
different participants in a construction project can retrieve data and to which
they can add data. An integrated approach for a model based document produc-
tion and management has been proposed by Rezgui and Debras [1996]. The
CONDOR approaciiRezgui et al. 1997], describes the shift from construction
product information to consistent project documentation. Law [1992] discusses
design information management in a shareable relational framework.

Product data technology can be defined as a set of IT methods, tools and stan-
dards for the development and implementation of applications for the manage-
ment, exchange and sharing of product data. The central effort in the develop-
ment of the product data technology has been the international standardisation
work in 1ISO TC184/SC4ndustrial Data committee. The main result from the
work so far has been the so-called STEP-standard, officially knowiScas
10303 Product data representation and exchange standard.
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Figure 3.1. In product data exchange, shared data is stored only once, in a product
model, from which the different participants in a construction project can retrieve data

and to which they can add data.
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The development of product data technology and standards over the last decade
and new emerging information technologies (IT), such as object-oriented tech-
nologies, World Wide Web etc., has resulted in a situation where methods, tools
and data exchange standards are available for real applications of product data
exchange in a computer-interpretable form between a heterogeneous set of com-
puter applications [Karstila 1997]. A comprehensive application of product data
can be supported, and requires a combination of a number of methods, stan-
dards, tools, and applications asillustrated in figure 3.2.

Product data systems SGML-

editors

WWW-
browsers
Data
exchange

Technical
documentation

Information|| sharing

Information
PDM / SDAI / SGML / HTML distribution

Communication

infrastructure
%’ STEP-product Xi®lll |Part- SGML/HyTime-
models E’ I; Libs component libraries

Description methods
& models, IDEF0 T EXPRESS \ Process & Product models

& specifications _|:::|_ Cn oo m %
s A |
oo | |

Implementation technologies Standard for the Exchange o
[Part Libraries (P-LIB)] Product Model Data (STEP)

Hypertext Markup Virtual Reality Markup
Language (HTML) Language (VRML)

Standard Data Access|
Interface (SDAI)

(World Wide Web (WWW))

Internet

Product Data Management
(PDM)

Standard General Markup
Language (SGML)

Figure 3.2. The components of product data technology. [Karstila 1997].

The kernd of the STEP technology includes:

» Methods for modeling the product information to be exchanged.

» Integrated resources as a set of reusable product data constructs to be used in
the development of application domain specific data exchange standards.

» A formalised standardisation process according to which data exchange
standards (A pplication Protocols) for new areas can be devel oped.

» Application protocols (AP) which are typicaly industry specific data
exchange standards to support specific data exchange needs.
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I mplementation methods providing the definition for a neutral data exchange
format for file based data exchange, and a standardised data access interface
for product data repositories.

Methods for the conformance testing of implementations.

The formal methods of STEP technology have also resulted in commercial tool-
kits for the development of STEP implementations, e.g. product model browsers
and CAD pre and post processors. Using the formal product data descriptions
the tools provide library functions e.g. for parsing data and data access. [Karstila
1997]

Several authors have discussed the benefits of the product model based data ex-
change compared to the document based [Bjork 1989], [Tolman 1991], [Augen-
broe 1992]. Possible benefits include:

The information is stored only once, avoiding data redundancy, and thus
avoiding also conflicting information, which typically appears in the

document centred approach.

All the relevant design information is stored in a uniform way, which eases
data access for applications. Today it is difficult to extract relevant data from
heterogeneous sources such as cad-files, word processing files, spreadsheets
etc.

From a product model it is easy to produce tailor-made traditional documents
for various purposes. Today the producer of the information decides what
types of document are being exchanged. In the product model approach, the
receiver himself can, based on the model, define what sort of documents he
may need.

The following table 3.2 describes the main differences between the document
centred and the product model based approach [Kulusjarvi 1996]. The view-
points are on the usage of information when exporting and importing the in-
formation, and on information flow management.
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Table 3.2. The main differences between the document centred and the product model
based approach. [Kulusjdrvi 1996].

USAGE OF

INFORMATION
EXPORT IMPORT
The person designing the | Document All the documents are
process visualises the plan interpreted by human
in tables, drawings and re- experts
ports. Although all the in-
formation is documented, it
is placed in separate docu-
ments.
All the information is cap-| Product Model Information is used in
tured in the product model the same context and
and is passed forward as it format as it arrives
is.

3.4.2 Product Model Fundamentals
The fundamental basic building blocks of product data exchange are:

* An agreement on the semantic structure of the information to be exchanged.
» A physical data exchange format.

» The physical mediafor the data exchange.

» Sending and receiving applications capable of using the above standards.

Agreements on the semantic structure of the information to be exchanged deal
with what concepts we use to describe buildings and how these are interrelated.
For instance concepts such as space, wall and window. Spaces are enclosed by
walls. Windows provide lighting for particular spaces and are located in walls.
Such agreements are based on object-oriented conceptual models.

Physical data exchange formats are used for constructing the data exchange files
which contain the objects of interest. These formats can include agreements on
how to mark that a new object starts, what characters are alowed, etc.

In the area of physical exchange media there has been a tremendous develop-
ment during the last few years. Where magnetic tapes sent by couriers would
have been the most feasible solution fifteen years ago, the developments in
computer networking make it technicaly possible today to share product data
using electronic mail, the world wide web, shared database etc.

Concerning sending and receiving applications the trend towards increasing use
of object-oriented software structures and genera interoperability makes it in-
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creasingly easy for software for CAD, cost estimation, project planning etc. to
export and import data.

In the following we shall in particular focus the discussion on conceptual models
of buildings and construction process information as well as physical data ex-
change formats.

3.4.3 Conceptual Models of Buildings and Construction Process In-
formation

Modeling is a means of conceptualising some well-defined part of the real
world. A conceptua model will show the structure of information in these
“mini-worlds”. Conceptual models provide formal definitions of the basic enti-
ties and relationships required to fully represent information about the domain in
guestion. The termonceptual schema is often used for such a model.

There are a number of formal languages available for conceptual modeling, in-
cluding languages such as IDEF1X and NIAM. In the construction modeling
area EXPRESS and its graphical subset EXPRESS-G [ISO 1993b], [Schenck
and Wilson 1994] are the most frequently used conceptual modeling languages.
Other object-oriented modeling methods exist, e.g., the OMT method [Rum-
baugh et al. 1991].

A product data model can be defined as follows: “A particular type of concep-
tual schema, which structures the information needed to describe a physical arte-
fact, designed and manufactured by man. The central object classes of product
data models describe the functional parts of the artefact and assemblies formed
by them, rather than concepts needed for representing the parts in different kinds
of documents” [PM Glossary 1996].

A product model again is a computer-interpretable description of an artefact,
structured according to some predefined product data model. A product model is
thus an alternative to a wire-frame model or a miniature model of the same ob-
ject.

A building product model 1s a subtype of a product model in general, a descrip-
tion of a particular building (i.e. the YIT corporate headquarters building). It
must fulfil the data structures defined in a correspondin@ling product data
model [PM Glossary 1996].

A building product model according to the RATAS framework can be used to
illustrate these concepts. The left part of the figure 3.3 (Objects) illustrates the
actual building product model, whereas the right part illustrates the underlying
conceptual schema.
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Objects Classes
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A

building product model building product data
model

Building level

System level

Subsystem level

C

Part level

Detail level

Figure 3.3. An illustration of the concepts of “building product model” and “building
product data model” using the basic framework of the RATAS project [Penttild et al
1991].

For the purpose of this thesis the following concept is also useful. This defini-
tion has been created for this thesis only and other authors may have used the
same term slightly differently.

A Production model integrates the contractor’'s knowledge of production (meth-
ods, recipes and resources) with information in the building product model.

3.4.4 International and National Standardisation Efforts
Standard for the Exchange of Product Model Data STEP

STEP (The Standard for the Exchange of Product Model Data ) is the working
name for the standardisation of models for product data representation and ex-
change. Its aim is to define standards for the definition and exchange of com-
puter-interpretable product information throughout the lifetime of a product
[ISO 1993a].

The STEP standards are aimed for the whole life-cycle of product data including
planning, design, erection, usage, maintaining, and demolition. STEP includes
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various implementation methods for handling, storing, exchanging, and archiv-
ing product information.

The first part of STEP, Overview and Fundamental Principles, covers generd
aspects. The structure of the rest of the STEP standards is divided into function-
aly similar parts called classes.

The cornerstone in the STEP development is the kernel which includes the fol-
lowing:

» Description methods for describing the product information to be exchanged,
e.g., EXPRESS, EXPRESS-G.

» Integrated resources as a set of reusable product data constructs to be used in
the development of domain specific data exchange standards, e.g.,
application protocols, see below.

» Application protocols which are typically industry specific data exchange
standards to support specific data exchange needs. Application protocols are
developed according to aformalised standardisation process.

» Implementation methods providing the definition for a neutral data exchange
format for file based data exchange (SPF), and a standardised data access
interface (SDALI) for product data repositories.

» Methods for the conformance testing of implementations.

STEP defines mechanisms for neutral data exchange, i.e. in the data exchange
the product data is in the form defined by STEP standards and the sending and
the recelving applications have pre and post processors to convert the data from
their own data structures to this neutral format and vice versa. The product data
to be exchanged must be formally described using information modeling tech-
niques and the data specification language EXPRESS.

For the construction industry there is a Building Construction sub-committee.
The main current results within that committee are:

» ‘Application Protocol AP 225. Building elements using explicit shape repre-
sentation’ [ISO 1996a]. The status of the protocol is Final Draft International
Standard (FDIS).

» ‘AP 230. Building structural frame: Steelwork based on Eureka CIMSteel’
[ISO 1996b]. The status of the protocol is Committee Draft (CD).

» ‘Part 106. Building Construction Core Model (BCCM)’ [ISO 1996¢c]. Due to
the lack of resources this development has been moved under the IAI-
umbrella (see below) for the next coming 18 months.

Industry Foundation Classes IFC

The International Alliance for Interoperability (1Al) is a recently founded indus-
try effort whose goal is to develop product data models for sharing information
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between software tools which are utilised throughout the Building Industry [IAI
1998]. These models (or rather the class definitions that form them) are called
Industry Foundation Classes (IFC). The IAl is agroup of over 600 AEC related
companies and organisations located throughout the world.

After having been started as a relatively independent effort, the 1Al has increas-

ingly taken into use techniques that have earlier been developed within STEP.

Thus the EXPRESS language and the STEP physical file format are used and

there is quite a lot of reuse of models or parts of models. Many of the leading

experts who have earlier been engaged in the development of STEP building
construction application protocols or the building construction core model are

now active within the IAl. Discussions are also going on to reach an agreement
ensuring that the duplication of effort is minimised and that the resulting stan-

dards — the STEP application protocols and the core model — and de-facto stan-
dards (IFCs) as far as possible are compatible or even the same.

The Finnish National RATAS Effort

There has been an on-going effort to develop the basis, methods and conven-
tions in computer integrated building design projects in Finland since 1985
[Enkovaara et al. 1988[Bjork 1994]. The goal has all along begwen systems
between the various parties taking part in a construction project, common prac-
tices about the techniques of data exchange, standardised formats for the data to
be transferred. Since 1988 recommendations concerning a number of areas have
been published, including:

» The structure of a common general database in the construction area
(Teleratas).

» Standards for data exchange for graphics, tables etc.

» General building product model principles.

» Definitions of information needs and outputs in the various phases of a
construction process.

* Product identifiers and EDIFACT messages for building trade.

The RATAS work is organised by a committee under the Finnish Building In-
formation Institute. The institute maintains a database of product models as de-
scription pages of object definitions. Information about them is delivered to de-
velopers, who themselves feed the delopment work by their comments and sug-
gestions for change.

The RATAS work started very early on, before the industry was ready for prod-
uct model techniques. A number of technical developments (for instance the
Internet and the WWW, development of interoperability of basic software) have
made some parts of the RATAS proposals outdated. On the other hand, the
R&D which has been performed has produced know-how and results which cur-
rently are being channelled into international standardisation efforts.
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3.4.5 The Architecture of Building Product Data Models

Building product data models can be defined on different levels of detail. As an
example of a layered structure of different complexity and scope Bjork defines
five “layers” of representation in building product data modeling [Bjork 1995]:

information modeling language,
generic product description model,
building kernel model,

aspect model, and

application model.

aghwOpPE

In the following a number of contributions to building product data technology
are discussed using this layered model as a background.

The first three layers are generic models which cannot be used for meaningful

data exchange on their own. They can have different scopes ranging from ge-

neric objects through products to buildings. Data structures from these upper

layers can via inheritance be reused for more specialised data structures on the
lower levels.

Information Modeling Language

The information modeling language layer deals with what constructs the con-
ceptual schema language contains. As mentioned above the EXPRESS language
Is today widely used for this purpose and has also been used in this study.

Generic Product Description Models

The generic product description deals with data structures used for describing
any products or product parts. A number of different solutions have been pro-
posed for the generic product description level. In particular the OOCAD model
[Serén et al. 1993], developed at VTT in Finland, has influenced the work in-
cluded in this thesis. The OOCAD conceptual level model relies on the concepts
of the RATAS-II project [Enkovaara et al. 1988] and the BEC-II project [BEC
1991] and was also influenced by the GARM model [Gielingh 1988]. It is based
on object-oriented concepts. The neutral data exchange file format OXF maps
the model as closely as possible to an ASCII file.

In the OOCAD model objects are composed of lower level objects with the part-
of relationship. As design objects are composed of complex, prefabricated parts,
the model objects form a composition hierarchy. A composition of instances is
always a type, that may be instantiated at a higher level. For example, a window
type can be described as a complex composition of instances of a frame, sheets
of glass, a handle, etc. Several instances of this window type can occur in differ-
ent positions in a wall panel. The wall panel is again a type, that may have one
or several instances in the building, etc.
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The entities of the model are thus asin figure 3.4:

The abstract supertype Individual, which is the root of the model. It identifies
the model defining unit by a unique identifier Id, which is composed of the
individuals name and a sequential number.

The Type object, a subtype of Individual. The types build up the skeleton of
the technical solution of the design. Types have properties as Attribute sets.
They are generic, application dependent and have values assigned to them.
The benefit of defining in the Type all attributes with common values shared
by all the instances of the Type is avoiding redundant definition. The Type
has parts J0:7] as Instances, the inverse of which states, that an Instance is
part of aType.

The Instance objects are a so subtypes of the supertype Individual, and they
always belong to a Type object. In addition to their inherited attribute sets,
instance objects optionally have instance properties of their own. These
attribute sets have instance specific values. Also, the attribute Position is
optional. It expresses the relative position of the instance object to afixed
origo in athree dimensional transformation matrix. Instance objects can bein
Relationship with other instance objects and they may be members of
Groups. A group may have another group as supergroup.

sequential no

UNIQUE
Abstract 1 .. F————)
et serte [Individual | center {1d owner
in data base (Prod. def. unit) [~ 1 ‘ name
— . @
‘ description a Stnng
| _ creation _yymmdd S[3:3] ~
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groups S[0:? UNIQUE
INV members S[0:?] 9 GrOUp name
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— Attribute set [ Position Bounded by |Prer
types
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application ’
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Figure 3.4. The Generic OOCAD model.
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Another important model proposed for the generic level is the Global AEC ref-
erence model GARM [Gielingh 1988] which in particular contains a distinction
between requirements data and the technical solutions chosen to fulfil these. A
requirement could for instance be the acoustical properties of a wall and the
technical solution the particular material layers chosen to build it.

The resource models of the STEP standard, which for instance deal with data
structures for how geometry is to be represented using objects, could be seen as
examples of generic level models.

Building Core Models

Here the term core model — rather than the kernel from above — is used. A core
model typically models the relationships between the fundamental types of ob-
jects which are needed to describe buildings. For instance the relationships be-
tween buildings, building systems and components, elements and spaces can be
modelled in a core model.

Core models are intended to be high-level models that provide a unifying refer-

ence for more detailed aspect or application models that will be constructed on
top of them. The data constructs from the core model can then via inheritance be
reused as part of the class definitions of models which for instance are specific
to different design disciplines. The core models are generally not intended to be
instantiated for representing actual data in the way that application models are,
though they can be used for exchanging information between different applica-

tion areas. Even though models such as ATLAS [Tolman et al. 1994] and ICON

[Aouad 1994] are intended to directly support actual implementations, they can

be described as model segments that play “core” roles for other, more special-
ised sections of the models.

This structure resembles a paradigm presented in [Van Nederveen 1993], where
a Kernel Model is formed by the overlapping parts of different View Models as
shown in figure 3.5.

View Model
1

~— <

View Model View Model
2 3

KERNEL

Figure 3.5. The Kernel Model concept description using a Venn diagram. All mutual
intersections belong to the kernel model. The overall product model is the union of the
View Models [Van Nederveen 1993].
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In the following figure 3.6 the current IFC model structure is shown as an ex-
ample of the role a core model plays. The STEP building construction core
model, which has been under consideration since 1994, is more or less the same
model.

The purpose of the IFC Object Model is to enable interoperability between
AEC/FM applications from different software vendors [I1Al 1997].

The IFC Object Mode Architecture has been developed based on a set of prin-
ciples which focus on basic requirements and can be summarised as.

» Provide amodular structure to the model.

» Provide aframework for sharing information between different disciplines
within the AEC/FM industry.

» Ease the continued maintenance and development of the model.

» Enable information modellers to reuse model components.

» Enable software authors to reuse software components.

» Facilitate the provision of upward compatibility between model rel eases.

» Facilitate the provision of upward compatibility between model releases.

There are four conceptual layers within the IFC architecture, which use a strict
referencing hierarchy. Within each conceptual layer a set of model modules is
defined.

The first conceptual layer, shown at the bottom in figure 3.6, provides Resource
classes used by classes in the higher levels. In our framework these could be de-
scribed as belonging to the generic product description layer. The second con-
ceptual layer provides a Core project model which contains the Kernel and sev-
eral Core Extensions. The third layer defines a set of modules including con-
cepts or objects that are common across AEC industry domains. This is the ac-
tual interoperability layer. The fourth layer in the IFC Object Moddl is the Do-
main/Applications Layer. It provides a set of modules tailored for a specific
AEC industry domain or application type. (These could be defined as aspect
models, see below.)

The architecture is based on a’ladder principle. At any layer, a class may refer-
ence a class at the same or lower layer but may not reference a class from a
higher layer. References within the same layer must be designed in order to
maintain modularity in the model design.
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Figure 3.6. The layering Concept of the IFC architecture.

Aspect Models

Different names (aspect model, view model, application protocol) have been
used for this type of models, which correspond to the data exchange needs of
some restricted discipline or purpose and not to the needs of al the partiesin the
whole construction process. In STEP the Application protocol mechanism is
used for this purpose.

As an example of an aspect model, an informal model of the data elements
needed for data exchange concerning constructional steel work is shown in fig-
ure 3.7. (The model is EXPRESS-like but lacks definitions of attribute names
and cardinalities). This model has been developed within the scope of the Fin-
nish SteelBase project [Karstila 1997]. It is a draft of the information contents
needed when transferring data concerning steel structures from designers to the
manufacturers.
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Project
Grouping Stucture
Assembly Joint_system
Drawings &
schedules
Date_time
Part Bolt_mechanism
Persons &
Organizations
Geometry Feature

Figure 3.7. A rough information planning model from the SteelBase product data
model (a subset of CIMSteel Logical Product Model LPM V4.0, Data Exchange Pro-
tocol DEP 4).

Application Models

Application models are embedded in application software, either explicitly hav-
ing been modelled as a part of the software development process or implicitly.
For instance the cost estimation software in use in YIT has an internal applica-
tion model. Such models cannot be standardised, but it is essential to enable data
conversion from the standardised models on the upper levels to and from these
application models.

3.4.6 Physical Data Exchange Formats
The STEP Physical File Format

The STEP file exchange format is defined in the standard 1SO/DIS 10303-21
[1SO 1993c]. This part of STEP defines the structure, i.e. grammar of the ASCI|
exchangefile.

The definition describes the transformation of a conceptual schema represented
in the EXPRESS language to an exchange file. The file contains in the header
genera information on the sender and on the contents of the file. In the data part
there are objects that correspond with some STEP conceptua schema. The cru-
cia point about this format is that objects corresponding to any conceptua
schema that has been defined in EXPRESS can be sent. The format is in the
form of aflat file, where each object occupies one row. Links between different
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objects are handled using the row numbers assigned to the objects. An example
STEP physical fileis shown in figure 3.8.

DATA,

#10=DSCENTI TY(' PLAN , #11, $, (#13, #18, #23), (#12));
#11=DSCCLASS(’ f1 oor _pl an’,’ arch_spaces_std’);
#12=DSCATTRI BUTE(' NUMBER , ' 1’ , $) ;

#13=DSCENTI TY(’ 9B’ , #14, $, (), (#15, #16, #17));
#14=DSCCLASS(’ ki tchen’,’ arch_spaces_std’);
#15=DSCATTRI BUTE(’' NUMBER , ' 8’ , $) ;
#16=DSCATTRI BUTE(' AREA' ,’ 14.36 n2’,$);
#17=DSCATTRI BUTE(' CORNER_PQO NTS',

' 3946. 75, 1808. 53, 0. 00 5454. 73, 5227. 54, 0. 00 8915. 36, 5227. 54, 0. 00 8915. 3
6, 1827. 84, 0. 00 3946. 75, 1808.53,0.00 ', $);
#18=DSCENTI TY(' 8D , #19, $, (), (#20, #21, #22));
#19=DSCCLASS(’' entrance’,’ arch_spaces_std’);
#20=DSCATTRI BUTE(' NUMBER ,’ 9’ , $) ;
#21=DSCATTRI BUTE(’ AREA' ,’ 17.19 n2’ , 9$);
#22=DSCATTRI BUTE(' CORNER_PQO NTS',

2071. 44,977.92,0. 00 8915. 36, 977. 92, 0. 00 8915. 36, -2189. 98, 0. 00 4681. 41
,-2189.98,0. 00 4681. 41, -470.82,0.00 2071. 44, -470. 82, 0. 00 2071. 44,977. 92
,0.00 ',9);

#23=DSCENTI TY(’ 78’ , #24, $, (), (#25, #26, #27));
#24=DSCCLASS(’' room , " arch_spaces_std’);
#25=DSCATTRI BUTE(' NUMBER ,’ 10’ , $);

#26=DSCATTRI BUTE(’ AREA',’ 5.45 n2’', $);

#27=DSCATTRI BUTE(’' CORNER_PQO NTS',

' 0.00,0.00,0.00 3217.22,4102.48,0.00 3217.22,4302.48,0.00 3217. 22, 4502
.48,0.00 3217.22,4702.48,0.00 0.00,0.00,0.00 ',9%);

ENDSEC;

END- | SO 10303- 21

Figure 3.8. An example STEP physical file used in the Isopurje data exchange pilot
(chapter 5).

The OXF Format

The exchange format OXF for product data stands for Object eXchange File. It
Is a further development of the STD90 format from the BEC project. The so-
called BEC standard was developed in Finland in the late 1980s [BEC 1991].
The OXF format was defined as part of the OOCAD project, mentioned above,
to support the physical exchange of objects structured according to the OOCAD
schema.
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There are three kinds of structures in the OXF definitions: attribute set defini-
tions, classes and groups. Design objects are either types or instances (called oc-

currences in an earlier version of OOCAD).

The structure of an OXF file resembles code written in the LISP programming
language. Information is presented as lists surrounded by parentheses. The lists
can be nested when the data is hierarchical. The meaning of the data is inter-

preted by reserved key words. An example OXF fileis shown in figure 3.9.

; OXF 2.0
; Owner: struai_tp
; 1995-10-17/12:27:02

(ATS PARTITION WALL in_ STD_ FRAME
(ATT GEO_ARGUMENTS NIL NIL)
(ATT GEO_COLOR NIL NIL)

- )

(CLS (PARTITION WALL STD_ FRAME)
(SCL (WALL STD_FRAME))
(ATS PARTITION WALL in STD_FRAME))

(TYP struai_tp.18
(NAM PARTITION WALL)
(CLS (PARTITION WALL COCON1))
(OCC struai_tp.19
(NAM PARTITION_WALL.SQOZS STRUAI_IP9025)
(TYP PARTITION_WALL)
(SCL (PRE FAB_CONCR_WALL_AT TR STD_ATTRIBUTE S))
(ATV PARTITION WALL in STD FRAME "2800.0 2800.0
L
(ATV PREFAB CONCR WALL ATTR in STD ATTRIBUTES
"VS201E" )
(REL PARTOF " (( STRUCTURAL_FLOOR .810778
STRUAI_TP10778))")
)
(OCC struai_tp.20
..)

Figure 3.9. An example OXF file.

The OXF and STEP formats differ from each other in their syntax, but the capa-
bility for information exchange is practically equal. An important aspect is that
the OXF format contains built-in support for the ‘type — instance’ construct in

the OOCAD generic model in the form of a nested structure.

3.5 Integrating Product Model Data with Process Information

Since around 1991 a number of researchers have started to look at the problem
of how to provide an infrastructure for integrating the possible future product

models produced by designers with the software applications used by contrac-
tors for cost estimating and scheduling. The proposed solution has been to de-
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fine conceptual schemas defining the relationships between building elements
with the activities that produce them and the resources used. The term construc-
tion project model has for instance been used for such schemas.

As an example of modeling the construction project, one of the central schemas
of IRMA isshown in figure 3.10. The Information Reference Model for Archi-
tecture, Engineering, and Construction (IRMA) was developed in a modeling
workshop in Espoo in 1992 [Luiten et a. 1993]. The aim of the model was to
establish a common understanding of previous work clarifying the basic model-
ing terminology and the concepts involved in modeling in the form of a refer-
ence model. The model provided alevel of integration within modeling research
work and has also acted as a basis for future work

client
defines
contract
producer l
requires
O o performs
state activity o agent
results_in
has uses
used_for
project_object resource use 0| resource

Figure 3.10. One central schema of the IRMA model [Luiten et al. 1993], defining the
construction projess.

A number of other research efforts in this domain have been reported, including
[Luiten 1994], [Froese 1992], [Jagbeck 1996]. Froese describes models of con-
struction process information in [Froese 1996].

The research of Fischer [Fischer et al. 1995] focuses on formalising the repre-
sentation of construction method models in the form of computer-interpretable
construction method models integrating design descriptions, cost estimates, and
schedules. In the paper Scheduling with Computer-Interpretable Construction
Method Models [Fischer and Aalami 1995] they discuss the process of devel-
oping a schedule in practice today and establish the need for explicit construc-
tion method models. The writers envision a knowledge-based environment that
integrates construction method and resource information with construction
plans, schedules, cost estimates, and product models of a proposed facility at
different levels of detail. Such a system would allow to evaluate the effect of de-
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sign and construction planning decisions on project duration and cost, providing
a basis for improving the constructibility of adesign.

Currently there are a number of efforts where generic construction project mod-
els have a significant role to play. In the SO classification report mentioned
earlier some conceptua schemas on a high level are included. In the Al devel-
opment work the IFC core model already contains some generic classes related
to construction activities. The project management domain group within the 1Al
has also started to develop more detailed models [ Froese 1998].

3.6 Prototyping Product Data Exchange

Overdl the state-of-the art survey has revealed that a lot of work has been done
in the definition of building product data models on different levels, but that
there are amost no reported cases of research where the models have been
tested on a large scale in an industrial setting, which is one of the primary aims
of this study. Most of the reported prototype work has been on a small scale and
in research organisations. Nevertheless, there is an increasing number of re-
ported research and development projects where the developed schemas have
been tested in quite ambitious prototypes with data from real construction proj-
ects and/or with active industry participation in the prototyping process. In the
following three illustrative cases; the StBrowser, KBS, and PreFacto projects are
discussed.

3.6.1 The StBrowser for steelwork data

The Finnish R&D project SteelBase in the FINNSted technology program deals
with the development of data exchange for constructional steelwork design and
manufacturing.

The SteelBase-project decided to use the data exchange specification from the
Eureka/CIM Steel-project (WWW-CIMSteel) for the exchange of basic sted
member, assembly, joint system etc. data. More precisdly, the data exchange is
based on a subset of CIMStedl Integration Standard (CIS 1.0), its Logica Prod-
uct Model LPM V4.0, and Data Exchange Protocol DEP 4. The focus of the ex-
change is data transfer from the steel structure designer to the manufacturers.

As part of the data exchange scenario, developed in cooperation with the com-
panies that participate in the project, a product model browser (called
StBrowser) is currently being developed [Karstila 1997]. Itsaim is to enable the
utilisation of steel structure product model data in the receiving end, i.e. by the
manufacturers when recelving STEP data from designers. The basic functional-
ity of the StBrowser includes viewing, navigating in, and editing the steel struc-
ture product model, and generation of various reports (like bill-of-materials)
from the product model (figure 3.11). The browser also supports some addi-
tional data exchange formats besides the basic SteelBase-format, and conver-
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sions between the formats. The purpose of the additional data exchange formats
IS to enable data migration from a simple format generated by e.g. CADD appli-
cations, and on the other hand to enable easy utilisation of data in the manufac-
turer’s production planning systems.

Change
log file -
] 2
—_—— .I Change
StB-file 0 log file
CADD x
—/r" &l file
StBrowser
STEP Browser for T
Moi‘jgased Hx steel structures
y
. Reports
STEP-il . . 4
" Functionality: Part lists
BOM

¢ Reading / writing STEP models

¢ Importing / Exporting StB-data

¢ Exporting TXREC-data

* Reading / writing Log-files

* Model checking

* Viewing, navigating in the product model
¢ Editing of instance attributes

¢ Generation of reports, BOM etc.

Figure 3.11. The StBrowser (a STEP Product model browser for steel structures) sys-
tem overview.

The StBrowser, as well as the SteelBase project in general, is an example of
technology transfer from research and standardisation to practice. Nothing fun-
damentally new is invented in the project, but rather, solutions which have al-
ready been presented and to some extent standardised, are being utilised in close
cooperation with industrial end users. An important aspect of the project has
been to choose the right level of ambition for the prototypes. It is considered
more important to demonstrate usable results within a reasonable time-frame
than to test too ambitious product data schemas in the prototypes. It has also
been considered very important to take into account the current IT-maturity of
the companies and personnel which will have to use the resulting applications.

3.6.2 The PreFacto System — A Construction Management Tool

The PreFacto production management system [Jagbeck 1996] was developed in
1994 — 1995 in Sweden for the Skanska construction company. It uses the prod-
uct model approach throughout the construction management process. Design
specifications are extracted from a product model of a building using the STEP
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physical file format and stored in an object-oriented database. During the proc-
ess of managing production the product model is manipulated and augmented
with tools designed to enhance production decisions. The PreFacto system is
concerned with the production stage of the overall construction process life-
cycle.

Some features of the Generic Building Model in PreFacto include:

» PreFacto uses aneutral core model solution influenced by STEP. The
information about the product isimported from design documents and is used
as a starting point for creating PreFacto’s own aspect model, a Production
Management Model.

» There are no high level building objects, such as building or building
systems, but only building parts and projects.

* The product model can be imported to PreFacto in the STEP physical file
format.

» The attributes of a building part include a building classification code, which
uses the structure of the function-oriented national Swedish classification
system, BSAB P2.

* The model has been defined in EXPRESS-G.

The approach and scope of the PreFacto project are quite close to the one taken
in this study. It was also geared to the needs and the viewpoint of a large build-
ing contractor. The product model data was enhanced with the production
knowledge of the contractor.

The prototype which was produced in PreFacto was tested with test data from
Skanska. Although at least one practitioner participated in the testing, it was,
however, never carried through to a real project, and the prototype work has not
lead to any further development within the case company.

3.6.3 The KBS Facility Management Building Product Model

Kjell Svensson has for his doctoral thesis ‘Integrating Facilities Management In-
formation - A Process and Product Model Approach’ [Svensson 1998] done de-
velopment work on information structures to support the main processes of ‘Fa-
cilities Management’ (FM). A generic Fptocess model and abuilding product

model, the KBS, were developed. Activity models and object-oriented concep-
tual schemas were defined for the life cycle of ordinary buildings. One main
concern was to incorporate theisting national classification system, the
BSAB/SfB-system, into the model structure. Thus, the process of defining the
conceptual schema started from the existing classes within the national class ta-
bles of the BSAB-system.

The model development is not further discussed here, but can be found in
[Svensson 1998]. Only the test results of model evaluation are here of interest.
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The models were evaluated through prototyping simultaneously with being de-
fined. The prototypes used data from real facilities. What was significant was
that there were three different prototypes in which different subsets of the over-
al KBS model were tested. One of the three prototypes is reported to have lead
to acommercia system whichistill in use.

An important lesson of the KBS project was that the relationship between the
individual efforts of a company and existing standards or on-going standardisa-
tion efforts must be given considerable thought. In addition to the KBS model
the NICC model [Tarandi 1998] has consciously built on existing Swedish clas-
sification systems.

3.7 Conclusions
A number of conclusions could be drawn from the state-of-the-art review.

* There were at the time when the prototyping began no existing fully
developed product data models or standards which as such and alone were
sufficient for the data exchange needs of this project.

* Nevertheless, on-going research and standardisation could offer the general
paradigm of a core model, supported by aspect models, as a framework for
how the data exchange could be achieved.

» The nationa existing building classification system, in this case the
Construction 90 classification system, should be used as far as possible as a
basis for defining the object classes in the product data models which will
need to be defined.

» For the physical data exchange, the STEP part 21 seemed suitable. In
addition, the OOCAD/OXF data exchange facilities which had been
developed by VTT, offered a short term solution which aso could be
integrated with the STEP technology.

» For integration with the production know-how of the contractor, the concept
of a production model emerged. Some work has already been done by a
number of researchers, as well as within the STEP and IFC core models, to
Incorporate some data structures which are useful in such production models.

» There were no reported cases of the use of product data technology as part of
the process reengineering of a construction company (or design company for
that) on the same scale as envisaged in this study.
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4 PROPOSED NEW INFORMATION MANAGEMENT
PROCESS

4.1 TARGET BUILDING PROCESS

4.1.1 New Approach

The new proposed approach is based on the application of product model tech-
nology, especially for the purposes of cost and value engineering. The utilisation
of the product model covers all phases of the building project. The chosen ap-
proach is in line with the results from the RATAS project as well as Construc-
tion 90 activities, which aim to support product model and performance driven
construction.

The description of the target process focuses particularly on the design process
and on controlling it, with cost and value engineering as the basis for this. This
Is due to results of the analysis of the construction process information flow.

The aim is to integrate the information of the designers and the contractor in

such a way that the data from the design work can be used as source data di-

rectly, without manual input, for calculating the tender as well as for production
planning (i.e. the information produced by the designers is integrated with the
contractor’'s know-how). Designers do not at the moment have appropriate mod-
elling tools, so the contractor should have an IT-system that allows to build up a
product model which contains production information, a so-called production
model. Another objective is regular communication between the various part-
ners, for example, to analyse design solutions or to generate alternative solutions
to support decision-making in the earlier phases of the process. The basis for this
new approach consists of enterprise specific information which has been stored
beforehand, such as accepted good practice structural details as well as typical
building cases.

There are three main requirements for the target process:

* Provide more information and alternative solutions to the customer and the
other participants within the building construction process.

* Provide more accurate information in earlier phases of the process.

» Utilise information created beforehand (cases) and classified technical solu-
tions embodying the contractor’s knowledge.

The target process is from a decision support point of view illustrated by figure
4.1, which is based on the approach that key activities are shifting to earlier
phases.
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Figure 4.1. Decision making versus available information (Adapted from [Fisher et al.

1993)).

Using product modelling technology and Knowledge Based Engineering-tools

(KBE) it should be possible to reach at least some of these targets. The model

should be enterprise based, in terms of using the contractor’s production knowl-
edge, but yet open for other disciplines within the construction process. This
means that one should first define the minimum “core” data to be shared by
partners involved so that all the parties can get the data needed for their own us-
age and are able to share with the others the data the others need. This forms the
basic framework for the production model development, and is in accordance
with the latest knowledge of data exchange parad[¢tasnus et al. 1995

In figure 4.2 the value of the information for the contractor from a data man-

agement point of view is illustrated. The basic documentation coming to the
contractor is in paper or cad-file format which is not very useful for the con-

tractor. To utilise the information coming from the designers the chosen solution
Is to create a production model (chapter 3) using product model and KBE tech-
nology, thus the information is in manageable form and has more value. After
completing the construction it is possible to give more/better information for the

user in the hand over phase.
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Figure 4.2. Information management value chain.

In this study the target situation for the management of the cost and value engi-

neering process is presented. The basic information coming from designers can

be based on document-centred design (based on the utilisation of designers’
drawings, preferably in the form of CAD files) or on integrated product model-
based design. The model based cost and value engineering process is suited to
descriptions of both design processes unaltered. These two alternatives are il-
lustrated in figure 4.3.

The transfer of non-conflicting design information from one partner to another
and from phase to phase of the project requires standardised communication
protocols between software packages. In describing the target situation of inte-
grated design, the focus is on product model -based CAD and the utilisation of
data communications.

The traditional design process is divided into different phases of design, starting
with briefing and ending with the production of working drawinbs.inte-

grated, model-based design, there is no such clear distinction between the

phases: instead, the phases of the design process constantly interact and
complement each other. The data content of the artefact being designed be-
comes more detailed and data accumulates continuously as the process ad-
vances. All new data are produced once amlgt are used as input data for the
next ‘phase’.

The traditional demarcations between phases of design vanish and are replaced
by new e.g.‘decision points’. It is characteristic for the new way of working
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that decisions may be made in smaller parts and earlier, so that design and deci-
sion-making are interactive.
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Figure 4.3. Two target situations are dealt with: document-based and model-based,
integrated design. In the document-based design process, plans are presented either as
paper documents or as CAD files, on the basis of which the contractor builds up the
production model. The model-based, integrated design process is based on aspect
product models made by the designers, these are used to put together the integrated
building model and later integrated into the contractor’s production model.
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4.1.2 Design and Construct Building Process
The target IDEFO-model is focused on model-based, integrated design, but is

suitable for the traditional drawing based way of working with some minor
changes as described in figure 4.3 above.

On the top leve of the IDEFO model for the target construction process is one
box (figure 4.4) which defines the entire building project as in chapter 2. The
main difference is that in the target process one of the outputs is building
documentation in model form.

Legislation
Quality systems
Strategic decisions in YIT
Resource availability
Customer's needs and l Building for use
preliminary plans Design and
construct Building documentation
N ras in model form
Materials, bu||d|ng >
Products TO-BE -process Facility service to the customer's
core business
A0
YIT project
team
NODE:  A-0 TTLE:  Design and construct building TO-BE -process | NUMBER: .
Filename:molli_3
ﬁ

Figure 4.4. A-0, Design and construct, to-be process

The second level (AO) again isawider view where the model based construction
process approach is described from the customer’s, contractor’s and building
user’s point of view. Now the information management is organised in a sys-
tematic manner and discussion, feedback and self learning is enabled (figure
4.5).
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Figure 4.5. A0, Design and construct, to-be.

The customer’s procurement process, activity (A1), is as modelled in chapter 2,
but the decision making process is based on more accurate information for deci-
sion support coming from the contractor’'s activityanage design and con-
struction (A2).

The contractor’'s activities, Mhage design & construction (A2) and Maintain

YIT’s knowledge libraries (A3), are supporting each other better than in the as-is
process. The main inputs for the knowledge libraries are model information to
case library, process documentation and surveyed performance. The libraries are
organised according to the building type (e.g. apartment buildings, office build-
ings) so they can be used as cases and as construction knowledge to control fu-
ture projects. There are approved YIT-solutions for systems, production meth-
ods and structural details. The evaluation of the production performance im-
proves the accuracy and reliability of recepies and methods which are inputs (li-
braries) for design and construction management and thus forms the basis for
constant/standard work unit scheduling. The feedback fronvtbend main-

tain activity (A4) improves the life-cycle performance knowledge in the YIT-
libraries (for a discussion of such a featurd Bfochner 199h.

66



Proposed new information management process

On the second level (AO) there are the following main differences compared
with the as-is process:

* In the activity box, Manage design and construct (A2), the to-be process
utilises the knowledge libraries of modelled cases (case based reasoning).
Another major change is the output “building documentation in model
form”, which provides basic data for facility management.

* From theUse and maintain building (A4), one output is feedback in the
form of evaluations and experiences, which can be utilised in maintaining
the knowledge libraries.

4.1.3 Manage design and construct

The activity model of the contractor's main activianage design and con-
struction (A2), is described from YIT's viewpoint and generally follows the
phases of a traditional construction project. It covers all the phases of the project
from briefing to the final occupation.

Themanage design and construct (A2), to-be, is shown in figure 4.6.
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Figure 4.6. A2, Manage design and construct, to-be.

In the briefing phase, a space utilisation plan (in the form of a room schedule)
and quality requirements are determined for the project on the basis of the cli-
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ent’s needs and wishes. The objectives for the costs and the yield from the in-
vestment and for the buildings life-cycle economy are set. The client’s needs

and the contractor’s production resources are the basis for determining the time
scheduling objectives of the project. The briefing phaggne brief (A21), re-

sults in a space utilisation plan together with quality requirements, the expres-

sion of which in model-based design is a preliminary architect’s aspect model

(see picture 4.7, define brief) including quality specifications on a per space ba-

sis. This serves as the basic data for the integrated building product model to be
made in the design phase.

In Do and supervise design (A22), the designers each make their own part of the
product model, which the contractor evaluates and gives feedback on. The inte-
grated model based design process starts out with the architect’'s draft aspect
model, which models the building’s shape, spaces, structural allocations (en-
closing walls, ceiling/roof and floor) and the quality standard. After that, the
structural engineer models the structures on the basis of the architect’s alloca-
tions, possibly suggesting necessary modifications to the architect. Similarly, the
installation designer models the technical conduits and furnishings according to
the architect’s space model.

The building product model grows and becomes more detailed throughout the
design phase. At th®anage C&V engineering (A23) stage, the model contains
all the design data for the building and the basics for design solutions as well as
the planned production methods. After the integrated design phase, the produc-
tion model data are used in the production planning and construction phases.

In the Production planning (A24) phasedata is used for planning time sched-
ules, purchases and logistics. In this phase especially the knowledge of quantity
and location data of building elememsused. Data specified once need not be
measured again as they can be downloaded from the production model in the de-
sired form, for example as partial outputs of wall panels or building frame
structures. The production model can be considered from various perspectives
and on different levels of depth.

The feedback from the phas€snstruct (A25) andManage hand over (A26),
serves as a guiding factor for the early activities in upcoming projects. These are
modelled as outputs of th®anage design & construction activities, and are
used as input in th&laintain YIT s knowledge bases activity. Experience data is

also stored in the case library of modelled projects in YIT's knowledge bases.
Final output is not only the building ready for use but also an as built model for
owners and occupants.
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The main differences compared with the as-is model (on third level in this study
A2) are

* In Draw up brief (A21), the budget price is based on a rough production
model which is composed from the architect's sketches using predefined
“standard” solutions. This enables to use the contractor’'s knowledge in the
early design stage and provides reliable information for the customer as well.

* In Do and supervise design (A22), the integrated design is based on the
product model approach. The design solution and the building product model
grows and becomes more accurate throughout the project. Data exchange is
based on the Internet and time lags due to the data exchange are minimised.

* In Manage cost and value engineering (A23), the differences and advan-
tages are the biggest. The product model enables to use the designers’ so-
lutions as basic information for the contractor's activities. Knowledge
based software systems allow to analyse, provide alternatives, evaluate
their impact, calculate and create decision support for building process
participants. The product model approach enables the effective use of cases
and predefined (modelled) standard design solutions. Once the information
Is created as a production model, it is in useable form as basic data for con-
struction process management in later phases of the process.

* In Manage hand over (A26), there is a possibility to provide the “as-built”
and maintenance model for the customer and occupants (this is out of the
scope in this study).

The subactivities of the briefing phagesfine brief (A21), are illustrated in fig-

ure 4.7. The architect’s aspect model should be accurate enough to describe the
building to the customer for decision-making and to the contractor for making
estimates. This kind of approach is appropriate to performance driven construc-
tion, which is defined using standard tasks, technical solutions and structural
details with proven methods according to building types. This information
should be in YIT's knowledge bases (according to good, approved construction
practice), which is available for designers also.
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Figure 4.7. A21, Define brief, to-be.

In the activity Define requirements in project (A211), and Define quality re-
quirements and create room schedule (A212), the user isin amagjor role and the
QFD (Quality Function Deployment) methodology is used in the definition of
check lists for required characteristics of the building.

The following activities, Create preliminary architect’s aspect model (A213),

Create preliminary production model (A214) and Make budget price for the
customer (A215), differ much from the as-is model. The architect’'s aspect
model creation is based on the architect’s sketches and previous building project
cases and done by YIT using a KBE-system. The preliminary production model
covers all design disciplines; structures and building services are based on a
standard solution library and project cases. A more detailed description of the
composition of the production model is in tki®mpose production model
(A232).

In the Make budget price for the customer (A215) activity, it is possible to do
reliable estimates already at this point using the contractor’s tendering software.
A more detailed description is in the activitdunage C&V engineering (A23).

From the activityProvide decision support (A216), the main output is a rough
schedule, 3D images and visualised differences of alternatives.

On the activity level the differences with the as-model are the creation of the
preliminary architect’s aspect model and preliminary production model both, by
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YIT. On the information process level the utilisation of YIT's production
knowledge as input provides reliable decision support. This is done traditionally
using general statistics.

4.2 Target cost and value engineering process

4.2.1 Do and supervise design

The Do and supervise design (A22), diagram 4.8, is divided into functions ac-
cording to the way design data are handled. The actiMiyiage design
(A221), describes the management, production, transmission and utilisation of
data. The activitieS\lake architectural design (A222), Make structural design

(A223) andMake BS (building services)lesign (A224), generate design data

in a product model form. The activit¥xchange data in neutral form (A225)
transfers data from one partner to another and the actBityuate design

and compose product model (A226), evaluates all the design data and proc-
esses in the integrated building product model and gives feedback to design-
ers.

c6 c3 B c4 c1
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Figure 4.8. A22, Do and supervise design, to-be.

The design phase activity chart describes the continuity of the design process
and is implemented the same way irrespective of how complete the design is. An
essential factor in the process is the contractor’'s design management activities,
which result in proposals for changes going back to the building’s product
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model in the form of design control. The chain of activities can be described as a
closed circle until it is frozen for decision-making in the design phase or for
production, a which time the material requirements are listed as output from the
building’s product model or it is transferred to the next phase of the project as
basic data.

The integrated design is independent of the phase of the project or how complete
the design is (there are not “different design phases”). The only alteration is that
the data content of the product model increases and grows as the project moves
ahead. The main change in the phases of present-day practice in collaboration
between designers is that it is possible to make structural and installation models
in considerable detail even on the basis of the early versions of the architect’s
aspect model, even if its data content is not final. In this way, it is possible to
examine the characteristics of the solutions in greater detail even in the initial
phases of the project. Data communication between all the partners takes place
using a neutral format according to a core model approach.

The model based approach is the main difference with the as-is model. The de-
sign is carried out using building modelling tools and the output is aspect mod-
els. The data exchange is executed in model form using Internet facilities.

4.2.2 Manage cost and value engineering

The design solution data is analysed and evaluated dufingee C&V engi-

neering (A23), figure 4.9. This phase covers the composition of the production
model using the contractor's knowledge-based application. Proposals for
changes to guide design work are produced as a result of the process, e.g.
changes due to analysis of alternative solutions like production methods etc. The
practical implementation of the process procedures (mechanism) necessitate the
use of knowledge based engineering techniques (KBE). Data on production en-
gineering are transferred to other partners in the form of partial models from the
production model as necessary, especially when alternatives are being investi-
gated.

TheAdnalyse the design (A231) activity involves analysing the scope, efficiency,
form and functionality of the design solution. Of these, the analysis of the scope,
efficiency and form of the project is based on statistical methods and compara-
tive data from other, similar projects. Co-operation with the user would be
highly advisable for the assessment of the building’s functionality.

In the Compose production model (A232), the contractor’'s know-how is added
to the building product model. This covers all production knowledge; methods,
recipes, resources, materials and equipment needed to accomplish the building.
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Figure 4.9. A23, Manage cost and value engineering, to-be.

Basic data for the time scheduling application is generated using the production
model, which is used to produce a provisional schedule for the project. The ac-
tivity Make schedule and plan construction (A233), includes both the making of
a schedule for the project and the analysis of the construction plan and espe-
cialy its constructibility. The schedule guides and to some extent restricts ater-
native forms of product planning, which helps to control costs. This activity
seeks alternative solutions for production.

In Study alternatives and make proposals for modification (A234), the economy
of the project is determined. The Make alternative calculations (A235), covers
examining the cost impact of the aternative solutions put forward to designers.
The comparative calculations may, for example, help to determine:

 the most economical space solution
 the most economical aternative structure in production terms
» the cost impact of the client’s requests for changes.

It is of paramount importance in design management to be aware of the cost im-
pact of the choices to be made on the overall economy of the project. For this
reason, to avoid partial optimisation, it is important to examine the effects of the

alternatives being studied on the overall costs and yields.
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The determination of comparative calculations, like those of the overall costs,

should be based on the contractor's own cost database, methods and recipes as
well as the associated real-time input prices, so that costs can be assessed with
precision even at an early phase.

The assessment of life-cycle econoggnerates a calculation of the costs of
using, maintaining and repairing the building throughout its service life. The as-
sessment of these costs is based on estimated repair and maintenance at calcu-
lated intervals according to the usage of the spaces.

Alternatives are then researched and possible modifications made and the con-
tractor’s targets will be checked in accordance with the alternatives and the lat-
est knowledge of the market situation. The final tender and documentation will
be produced iMake final tender for the customer and create decision support

(A236). This information forms the decision base of the analysed alternatives,
their impacts and reliable calculations.
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Figure 4.10. A232, Compose production model.

The Compose production model (A232), diagram 4.10 describes the combina-
tion of a product model and a contractor’'s production data into a production
model, i.e., the integration of the designers’ and the contractor’'s know-how. As-
pect product models transferred by the neutral model are put together into the
building’s product model and then composed into the contractor’'s production
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model. Default production methods for the production qualities of the product
model’'s components are accessed from the ‘case’ library according to the proj-
ect type. This is illustrated in figure 4.10.

The difference compared with the as-is process is on the activity level: analyse
design, analyse design, compose production model, study alternatives and modi-
fications and estimate production cost, and make calculation and estimate life
cycle economy. The manual quantity survey is not needed anymore.

Due to the utilisation of production model it is easy and quick to make alterna-
tive calculations in order to evaluate their impact on the costs and production.
The life-cycle economy evaluations in terms of energy and cost are possible to
do using the same production model and data bank of life-cycle costs.

Summary

In summary the main differences between the As-is and To-Be processes on the
activity level are in the activitiegefine brief (A21) andmanage cost and value
engineering (A23). The process reengineering can be seen in these differences.
In the definition of the brief there are two new activities in the model based ap-
proach: creation of the architect’'s preliminary aspect model and preliminary
production model. In the management of cost and value engineering there are
several reengineered changes: analyse design, compose production model, study
alternatives and modifications and estimate production cost, and make calcula-
tion and estimate life cycle economy. The manual quantity survey is not needed
anymore. These changes are possible due to the model based approach.

The main change in the management of information are in the inputs of activi-
ties, such as designers’ product models and YIT's knowledge libraries: modelled
cases, standard solutions, standard production plans and data bank of life cycle
cost. Another key issue is the utilisation of YIT's knowledge libraries in the
briefing phase for the decision support. Important is also the possibility to pro-
duce alternatives for production (calculations) or use different methods or mate-
rials in order to evaluate their impact on the costs and production.

The main differences in the mechanisms are the utilisation of knowledge based
engineering systems and building modelling tools. Another major change is the
creation of the architect’s preliminary aspect model and preliminary production
model by YIT.
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5 TECHNICAL SOLUTION

5.1 Requirements for the system

In order to achieve the target process as described in chapter 4 the following
features were required for the prototype system:

The architecture and accuracy of the product model should comply with
YIT's needs for tendering, cost estimation and production planning activities.

It should be possible to apply production knowledge, in the form of methods
and recipes stored in data bases, to the building elements obtained from the
building product model.

The system should allow the use of designers’ current documentation, which
mainly comes as 2-D CAD-files, as input that can be transformed by the con-
tractor to the format required for the product model.

Alternatively it should be possible for the designers to directly create the parts
of the product model for which they are responsible.

The system should be able to generate bills of quantities including the knowl-
edge of the hierarchical locations of building elements, i.e. section, staircase,
apartment or room, and to extract material lists structured for different pur-
poses, e.g. quotation tendering.

The basic analysis of the design solution in terms of scope, efficiency, form
and functionality (basics of cost and value engineering), should be as auto-
mated as possible.

The system should allow to use predefined and accepted building systems
(e.g. frame, heating system) or structural details from knowledge libraries, so
called YIT best practice.

The system should enable the exploitation of information from reference proj-
ects, especially in the early phases of the process, using previously modelled
projects to support case based reasoning.

One additional requirement was added, which doesn't follow directly from the
target process description in chapter 4, but which was deemed important in view
of the anticipated developments in the near future towards international stan-
dards:
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» The system should be able to read input formatted according to the STEP
physical data exchange format and should be structured in a such way that it
could easily be adapted to receive data according to the emerging STEP/IFC
core model schemas.

5.2 Choice of basic tool

For the prototype work the Design++ system was chosen as a basic software
platform. There were several reasons for this choice:

» Firdtly it is atool which integrates a number of technologies needed for the
prototype; a knowledge based tool, a CAD-system (AutoCad) and a data base
system. The integration of thesetoolsisillustrated in figure 5.1.

e Secondly it is a commercial tool which already has been tested in real engi-
neering work [Katajamaki 199], not a research prototype.

» Thirdly it was originally developed in Finland and consequently it was easy
to get a high level of support from the developers.
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Figure 5.1. In the prototype environment different generic types of software applica-
tions (knowledge-based system, CAD-system, data base system) are used for achieving
the different sorts of functionality required.

The Elements of Design™

Design++ is a knowledge-based engineering (KBE) tool for engineering and de-
sign automation, which supports both engineering decision making and drafting
tasks. (For agenera discussion of knowledge-based design systems cf. Dym and

78



Technical solution

Levitt [1991]). The system was originally developed by Nokia Information sys-
tem in the latter half of the 1980's for use in the design of air ducts for process
plants. After successful pilot use by the Tampella company, which indicated the
reduction of design time by 75 % [Riitahuhta 1993 et al. 1993], the basic soft-
ware was commercialised and moved to a spin-off company which has its head-
guarters in the United States. Examples of recent uses of Design++ include the
following [Lippus 1995], [Vos and Buvelot 1995]:

* Robertson Ceco Corporation, building design process reengineering.
* Flour Danid, Inc., reengineering of the work process.
* HBG Construction, customer driven design of modular housing units.

Design ++ applications can be used to capture design intent and engineering ex-
pertise into parts and assemblies stored in libraries. In a design session, models
are constructed from library classes. "Assembly" components configure the
models while "parts’ components size and select themselves to meet end user
requirements. Data can be handled also through interfaces to relationa databases
and through two-way integration with CAD systems.

Design++

Graphical

Project Interface

Production model

Solution library

System libraries

! » : [ 1]
|
|
| |
|
|
I Autocad
1 MicroStation
|
|
|

Figure 5.2. Parts of the Design++ application system.

The parts and assemblies used in a model are defined as classes in libraries. A
class must exist in a library before creating an object (instance) of it. Once a
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component (object, instance) is created in a model it may have local individual
attribute values that can be modified.

The attributes of classes are defined interactively using tools provided with the
user interface. Rules that are attached to class attributes can be used to capture
the expertise used in the design process. Examples of engineering rules that can
be attached to attributes, and which assist in the automatic creation of new in-
formation, are:

» Configuration rules that are used to determine what components are needed
based on the requirements e.g. load bearing capacity.

o Selection rules are used, for example, to determine the type of awall.

» Sizing rules are used, for example, to determine the thickness of the facade
element.

This knowledge, once captured into the system, forms the core of an application.

The library classes are defined in a hierarchy, which is represented graphically
by atree. A class can be defined broadly and then refined into successively finer
subclasses. Each subclass incorporates, or inherits, all of the properties of its su-
perclasses and adds its own unique properties. A subclass may inherit properties
from more than one superclass (multiple inheritance). The underlying data
model of Design ++ is a framebased representation, which has been quite a
popular representation mechanism used in knowledge-based system [Lucardie
1994]. In the earlier versions the core of Design++ was based on the KEE envi-
ronment, which has originally been programmed in the LISP language, but later
versions are programmed in C and C++.

In addition to the knowledge-based core Design++ also incorporates a commer-
cial CAD-system and a relational data base system. This is because the CAD-
system has a good user interface and good facilities for manipulating the geo-
metrical aspects of a model, and because a data base system is good for storing
and searching in large repositories of homogeneous data, for instance about
components.

Model and Product Structure

A model in Design++ is acollection of objects that are arranged into assemblies,
subassemblies, and components. The number and types of objects and their ar-
rangement depends on the initial values (requirements) given to the application.
The product structure, that is, the division of objects into assemblies and subas-
semblies, etc. is often standardised. The product structure can be created by
product structure files. An example of a product structure file is given in figure
5.3. This file defines, that a building has a spatia system and severd
floor_plans, where the number of the latter is defined by the user.
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(project
(:N 1 building))

(building
(spatial_system
(:N floor_plan))
(structural_ system
(foundation
(foundation_floor))
(frame
(:N structural floor)
(roof))
)
(blocks)
(technical system)

)

Figure 5.3. An example of a product structure file in Design ++, which is used as a
sort of template to create a first version of a model.

Product structure files are generally used just to create the initial skeleton of the
model. More assemblies and components to this model are created by design
rules or functions that are activated by the user from the end user interface.

Components and Attributes

Any attribute value defined in alibrary classisinherited to the component in the
model. Locally defined values, either assigned by the user or obtained from a
rule attached to that component attribute override the inherited values.

The attribute values are determined in the model in the following order:
 inherited information (value)

» dataimported from external files

» calculated using engineering rules or

» defined by a user during a design session.

5.3 Architecture of the product model

The data exchange paradigm of the prototype system [Serén et al. 1996com-

plies in general well with the principle of a core model supported by aspect
models, which was presented in chapter 3. The aspect models, core model and
the contractor’s production model are described in a highly abstracted way in the
following figures 5.4 and 5.5. Set-theoretic Venn diagrams have been used to try
to illustrate the overlaps between the data contained in the different models.
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The following models and views areillustrated in figure 5.4:
* The apartment building product model

* The architect’'s aspect model

» The structural engineer’s aspect model

» The building services engineer’s aspect model

* The contractor’s aspect model

* The apartment building core model (ABCM)

Contractor’s
aspect model

Apartment building
core model ABCM

Architect’s

. Building services
aspect model|

aspect model

" Structural engineer’s
aspect model

Figure 5.4. The relationships between the different models illustrated by a Venn dia-
gram.

The apartment building product model is the union of all the model data cre-
ated by any of the project participants and which describes the apartment build-
ing as a product.

The apartment building core model (ABCM) is that subset of the apartment
building product model in which more than one participant has an interest and

may need to access. It is shown with a grey raster in figure 5.4 [Serén et al.
19949. An example of data structures included in the ABCM are shown in fig.
5.5.
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project
o sectioning_ | S[1:?] ~ .
S[1:?] J) system section 517
buildin _ S[1:7 | Q  space
‘ ——(] spatial_system % floor_plan
space_
S[L7] reservation
should
S[1:?] frame S[L:7] conform_to
STucural ' structural_
O system J—O component
_l,—O foundation
S[17] S[L7]
o technical_
system

Figure 5.5. The main part of the ABCM model: decomposition hierarchy view.

The architect’s aspect model contains al the information in which the architect

Is interested in. Part of this data is also important for the other participants (for
instance the placement of walls) and belongs consequently to the ABCM . This

part can also be information created by other parties which has a relevance for

the architect. Other data, such as the colour of walls, is not relevant for any of

the other participants and belongs to that part of the architect’s aspect model
which doesn’t intersect with the ABCM.

Thestructural engineer’s aspect model, the building services engineer’s aspect
model and thecontractor’s aspect model are defined in a similar way.

The contractor’s production model is the union of the contractor's aspect
model, which is a subset of the overall building product model, and the relevant
information on recipes and methods (here been called the production knowl-

edge) needed to produce the building components. The contractor’s production
model is illustrated in figure 5.6.
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Contractor’s

aspect model Production

knpwledge

Architect’s
aspect model

~ Building services
"~ aspect model

- Structural engineer’s
aspect model

Figure 5.6. Contractor’s production model where the production knowledge (methods
and recipes) is integrated with the contractor’s aspect model.

The management of the logical contents of the shared information relies on the
knowledge-based tool used by all the partners, and some solutions are based on
the specific features of this tool. The product models of each partner are struc-
tured according to the common model (ABCM) implemented as standardised
classlibraries shared by all partners.

The partners are able to specialise these classes according to their own needsin
their applications which deal with the information belonging to their aspect
models. In addition, a basic reference product composition structure file is used.
The partner-specific specialisations are implemented by incorporating additional
super-class links to the common entities (a kind of multiple inheritance, figure
5.7). The additional super-class links may either be connected from common
classes to the application-specific classes or even dynamically bound to in-
stances of the common classes. These links are disconnected when exporting
data and re-connected when importing data. The main part of the common
classes instantiated in a model is presented in figure 5.7. To make the data man-
agement easier the classes are implemented as a set of separate class libraries.
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Partner-specific class library shown
here with partial inheritance hierarchy
(prefix PS denotes partner-specific classes)

Standard common class library shown here with
partial inheritance hierarchy

Additional super-class link

PS_EXT_WALL STD_EXT_WALL EXTERNAL_WALL
PS_WALLS STD_WALLS N
PS_PART_WALL STD_PART_WALL
Partner-specific attributes and rules Abstract super-classes

with common attributes

Common class which is actually

instantiated in a model:

» no local attributes

e common attributes are inherited
from direct super-class

» partner-specific attributes and rules
are inherited through an additional
super-class link from a partner-specific
library

¢ in addition there may be 'dynamic’
super-class links from instances

Figure 5.7. Multiple inheritance used in the PILOT environment: PS EXT WALL in-
herits both from PS WALLS and from EXTERNAL WALL.

specialisations through multiple
inheritance

Example of adding partner-specific |

One key feature of the common classesis that each class and its instances have a
specific partner as owner, who generaly is responsible for the maintenance of
these objects. This ownership concept is aso implemented on the attribute level.
This feature is essential as the project typically is performed concurrently by
severa designers from different disciplines. Consequently it is important to
control who isin charge of creating or deleting spatial or structural components
of the model. Likewise it is crucia to agree who isin charge of attribute values
e.g. an architect defines the location of a partition wall (space reservation) and
structural engineer creates the actual wall component and defines how thick it
must be. The system monitors that only the user in charge is able to ater attrib-
ute values he "owns". Thisisillustrated in the figure 5.5, presented earlier, as a
shaded area.

The maintenance of the class libraries and the product model decomposition
branches are divided according to partners. This means, for example, that the ar-
chitect does not model any structural components as such. Instead, the architect
models space reservations, which the structural engineer uses to locate the
structural components. The product model of an architect has different compo-
nents than the model the structura engineer has. Thisis natural as the model in-
crementally expands during the design life cycle and the participants in the
whole building process all have different viewpoints to the model. This means
that there are several aspect models that communicate through the core model.
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5.4 Data exchange format

If al the partners would use Design ++ applications based on the ABCM , only
adding partner specific specialisations (those parts of the aspect models outside
the ABCM), it would be straightforward to exchange data using the internal data
formats of Design ++. It would, however, be unredlistic to assume that all part-
nersthat YIT co-operates with in future commercial projects are able to use De-
sign ++, and thus it was considered strategically important to build a data ex-
change facility which as far as possible relies on international or national stan-
dards. This data exchange facility is based on the use of the OOCAD generic
product data model and the corresponding OXF file formats, described earlier in
chapter 3. The main reasons for choosing this were the availability of some
software tools and local expertise who could help in sorting out possible prob-
lems. In the pilot project a simplified version of the OOCAD model was used
(figure 5.8). It should be mentioned that at the time of the building of the proto-
type tool the STEP Building Construction work hadn’t produced any usable re-
sults and the 1Al work had not yet started.

super_class attribute_sets attributes
inheritance_ ‘—Ob | class_ | S [ attribute_set L[“]O attribute_
hierarchy  [*2"%%~  definition _definition definition
? O Q
class !
i . super_classes
type_object ! p'?_ definition
- S[17]
bundled in
part of ! properties attrlibute_values
decomposition [~ ) occurrence_ | SI% [ atribute_ | Y] attribute_
_structure ‘&O object value_set value

relatin * name o 1
J x O object_name

relationship related

* internal_id ~
— —— O -
* project_wide id ~|  identifier
U

creation_time o~ oo ‘

Figure 5.8. Data exchange meta-model used in the prototype.

The exchange meta-model and, consequently also the syntax, includes basic data
structures for representing definition classes and attribute sets and object decla-
ration attributes with values, composition relationships, other relationships, ob-
ject identification, owner information, etc. The file format is alphanumeric with

a Lisp-like syntax, where entities and their attributes are bundled as parenthesis-
separated lists with nested sub-lists as described in chapter 3.

Using this meta-model meant that mapping software had to be developed from
the ABCM model to the OOCAD meta model, and vice versa. Most of the in-
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formation contained in the ABCM can be transferred, design rules and knowl-
edge can not be transferred as such.

In figure 5.9 is an overview of the mappings, which are included in the data ex-
change:

* From a participant’s aspect model to the core model ABCM.
* From the core model to the data exchange model.

f \r N

Specialisation with detachable
instance to super-class links

—h R Import/export routine:

b Tl « Implementation of
Specialisation with detachable x

super-class links N

ARCH._... Is-a relationship

¢

meta-model mapping / Data exchange
{ meta-model

AN

\

LK

Model: :
One partner's ABCM model ode Filter

. (Common Class » Decomposition -
D** application libraries) « Instances
N Y,
/ -

S

Partner-specific
Class libraries

D aoolications of other partners
Neutral
exchange file

J

Internal information Data exchange

Figure 5.9. Overview of the different mappings.

The rules are defined in Class (Knowledge) Libraries. Rules are proprietary per
participant i.e. knowledge will not be shared by others. Adding rules to shared
ABCM classes was considered but not implemented in the prototype environ-
ment.

5.5 Network solution for the data exchange

An Internet-based network solution was chosen as the basic infrastructure for
the pilot integration environment. The main reasons for choosing Internet were
that the basic software and network technology were readily available and that
connection services to the Internet were accessible to all partners at the different
geographical locations (in the cities Helsinki, Espoo, Vantaa and Tampere). Due
to its openness the Internet has some limitations concerning data security,
mainly during transfer time. However, these were not considered a major con-
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cern. Internet services, especially the World Wide Web (WWW), have in recent
years been investigated as a basic distribution medium for public and general
building information [Hannus et al. 1996], and more specifically for design
standards and building codes [Vanier and Turk 1994]. The pilot project is one of
the first attempts in Finland to use the Internet for data exchange in red-life
building projects.

The physical network connections and system administration are based on a
centralised project server, to which the partners have access via Internet connec-
tion services (figure 5.10). The individua aspect models of each partner are used
locally and only the common class libraries belong to the ABCM and the data
exchange files are distributed via the server. Typically the partners use modem-
based dial-up connections. The project server is set up with home directories for
each partner. Each partner has full read/write access rights to his own directory
and read-only access to the other directories. The directory system is password-
protected.

Standard Internet services are used for information sharing:

e FTP is used for up- and downloading data exchange files to and from the
server. Basic FTP client software is usually not very user-friendly, but FTP
has proven to be the most simple and reliable system in transferring large
files.

» [Internet e-mail is used for the message traffic, such as change notifications.
Data exchange files could also be transferred by e-mail as attached files;
however this was found impractical dueto the large file sizes.

o WWW is used for distributing common information, both public and re-
stricted to project partners (news, event logs, minutes of meetings, etc.), as
HTML homepages. Data exchange files may aso be downloaded with a suit-
able WWW-browser.
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Main contractor
Regional and Head office =

(Tampere and Helsinki)
dial-up
connections

/
\< Internet
Software vendor

Espoo, Otaniemi

7 Architect
7 Helsinki

~ HVAC & E

dedicated
connections engineer
Vantaa
Structural
Research Institute engineer
CIC Team
Common Server at Tampere

Espoo, Otaniemi research institute

Figure 5.10. The network architecture of the prototype environment.

5.6 Production model

5.6.1 Contractor’s production model

YIT’'s production model is created by the so-called “COst and Value Engineer-
ing” system, for which the abbreviation COVE will be used in the following.
This application is based on the corporation’s knowledge of its own production:
structural solutions, production methods and recipes and input price lists of re-
sources and equipment.

COVE’s own application-specific libraries include the attributes required to
analyse costs and scope data. Eventually life-cycle economy and environment
will be added when that kind of knowledge of building materials and products
becomes available. The COVE libraries are linked with superclass link to the
standard ABCM libraries shared by all participants.

The structure of COVE is such that the creation of the production model is also
possible without the imported product model data. In this case the model is built
interactively by the cost analyst through interpretation of paper, or CAD-
drawings.

The overall structure of the COVE model complies with the product structure of
the ABCM core-model. In the class specification, an apartment building and the
structures and spaces used in it have for the time being been taken as the refer-
ence point.
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In COVE abuilding is decomposed into a spatial system, a structural system and

an installation system (building services) corresponding to the architect’'s aspect
model, the structural engineer’'s aspect model and the building services de-
signer's aspect model respectively. An example of the COVE model’s product

structure is shown in figure 5.11.
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Figure 5.11. Example of the COVE model’s product structure.

Figure 5.12 shows the main window of the COVE interface, which was con-
structed on top of AutoCad. In the main window, the Structures (rakenteet) and
Spaces (tilat) menus are the key interfaces for model creation. The other menus
contain the functions required for modelling and model processing. In the figure
the Structures menu is open and part of the corresponding product structure is

shown.
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Figure 5.12. COVE main window with Structures menu and part of product structure.

For each product structure class, interface functions have been developed for the

creation of components and for specifying and checking the attributes through

the interface windows. The options in the interface windows are the values of

the production model components’ production attributes, i.e. production knowl-
edge. The production model components generated in the case of integrated de-
sign are in a similar way given their attribute values.

In figure 5.13 the user interface during the modelling is shown: on top the inter-

face of the sandwich elements, the default values for this type are shown. In the
figure above the user has selected all the alternative types that are possible. This
way all building elements are modelled and methods and structures are checked.
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Figure 5.13. User interface for modelling sandwich elements and the selected type.

5.6.2 The creation of the production model from paper drawings or
CAD-files

The COVE application can be used to create a production model on the basis of
the plans from the architects. At present there are two distinct methods of per-
forming the modelling, using either drawings on paper or AutoCad dwg files.

The modelling of the building may be performed with the help of tools built into
the interface application, to facilitate fast and simple routines for drawing com-
ponents and attribute specification. The production model is created solely
through the interface functions, i.e. the model and its components are built up as
the user ‘draws’ the building and its structural elements.

The order in which the production model is constructed cannot be entirely free;
instead it must follow the product structure hierarchy (Figure 5.12). In the prod-

uct structure hierarchy, the components which are higher must be modelled be-
fore the lower-level components.

The dependencies between components are clearly defined when they derive
from the product structure hierarchy. This is a ‘part-of’ relationship between
components. Some ‘connected-to’ relationships are also used in the COVE
model, the expression of which is less distinct. Such a dependency may occur,
for example, between spaces and the walls (or similar structures) surrounding it
when space components are created.

The object-oriented nature of the COVE model makes it easier to create and
process a model. When constructing the model, it is possible to use the compo-
nents’ copying attribute in such a way that, for example, the load bearing struc-
tures of a high-rise apartment building are modelled in the lowest storey and
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copied ‘upwards’ on other, similar storeys. Similarly, the apartments are mod-

elled on the bottom storey and copied upwards. Also, when making changes to
the attributes of the production model’'s components, they propagate to all simi-
lar cases in the model in question.

Determining the geometry of a component takes most time when it is derived
from an architect’s drawings on paper. In this case it is necessary to measure the
geometrical information of the building elements with a ruler and enter them in
numerical form while creating the components.

Modelling is simplified if the architectural plans are available as CAD-files. In
this instance an architecture layer is formulated from each storey, and this is
used as the base image in AutoCad. In the modelling of the building the archi-
tectural layer is used to ‘draw’ the geometry of the components, a process that
resembles digitising.

5.6.3 The creation of the production model from the designers’
product model

The import of the product model

In the case where the designers are already using product-modelling tools, which
Is not the current practice, the COVE system can use designer’'s output data as
input data directly. As described earlier in section 5.6.1, the ABCM core-model
sections modelled by the various designers are transferred into the COVE appli-
cation by OXF data communications using mapping software.

The creation of the production model

After the product model has been created or imported it is processed by adding
to it production know-how (to the building elements), either in the form of de-
fault values or by the interactive (through the user interface) selection of meth-
ods individually or for the various types of building elements. After the inspec-
tion of the product model and the addition of production know-how, the result is
a production model that will serve as input data for production requirements.
The production model is created quickly using the information in the ABCM
core-model and with little extra work for the contractor.

The COVE model can also be created using only a part of the ABCM core-
model. For example, a structural model made by a structural engineer may be
used, augmented with COVE for the spaces.
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5.7 Conclusions

The prototype application COV E meets the requirements stated in section 5.1 as
follows:

94

The starting point for the model based cost and value engineering approach

was to exploit the tendering and costing system which was already in use in

the company. COVE'’s architecture and accuracy is defined according to the
requirements of this system.

Production knowledge, in the form of methods and recipes are included in
the COVE system. The user defines them from interface windows while cre-
ating the production model.

Designers’ current documentation, either as paper drawings or as 2-D CAD-
files, can be used as input information for COVE.

Designers can create partial aspect models of the building product model for
which they are responsible and that can be used as input for COVE.

From COVE it is possible to generate bills of quantities including the knowl-
edge of the hierarchical locations of building elements. Material lists can be
extracted and stored in the way the end users require.

The basic design solution analysis in terms of scope, efficiency, form and
functionality, as used in YIT are included in the system.

The usage of predefined and accepted building systems or structural details is
still on a prototype level, though the main structural systems are tested with
COVE.

The usage of reference projects as modelled cases is defined, but was not
tested in a real project. This is mainly due to the lack of modelled projects.

The definitions for the STEP physical data exchange format was made, but
not on the level which could be used in real projects. A decision was made to
wait for the emerging IFC-development.
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6 TESTING THE MODEL

6.1 Scope of the testing

There are two major aspects to the testing of the prototype system and the target
process that it supports. The first aspect is that the prototype tools work in a
technical sense, that is that the needed data can be produced, stored in the model
and transferred. This aspect also includes such issues as how fast the system
works, what type of computer platforms are needed etc. It is relatively straight-
forward to test the technical functioning even in asingle pilot project.

The second aspect is that the information management process as such, regard-
less of the technical implementation of the prototype, is feasible. This includes
guestions such as if the personnel involved in cost estimation and planning per-
ceive the target process as better than the old one. A lot of issues of human in-
teraction, power structures within company hierarchies, ease or difficulty of
maintaining experience databases etc. might be raised. This is much more diffi-
cult to measure. Often personnel involved in pilot projects have themselves been
involved in developing the prototype tools and defining the target process and
are thus positively biased. Setting up reliable experiments for these aspects is
consequently quite difficult.

The testing presented below concentrated on the technical functioning of the
COVE prototype tool.

In 1995-96 the first pilot project using the COV E-application was carried out.
Smaller-scale test projects had been carried out in the context of research work
by the various partners during the definition of the logical contents of the infor-
mation to be shared amongst participants. These were helpful in improving the
reliability of the applications and the correctness of the information content.
This was the case particularly in the development of YIT's COVE application.

This chapter refers to two test projects in which the COVE system was tested.
The development and testing of the COVE system was done separately from the
normal design and construction planning process in order to avoid disturbances,
but using the same case buildings and personnel. A COVE model can be con-
structed either on the basisdifcument-based design by producing the product
model directly using the COVE application on the basis of design information
which is interpreted by human operators, or it may be basadodel-based

design, in which caséhe production model is assembled from aspect product
modelsimported digitally from the designers. The test projects were selected in
such a way that both ways of constructing the model were tested.
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6.2 Modelling based on drawings

6.2.1 Project description

The test job chosen was an apartment building built for the rea estate holding
company As Oy Tampereen Tikka, which represents a residential construction
project typical for YIT. The frame type of this seven-storey building consists of
one loadbearing stairwell, precast concrete panel walls and hollow-core slab
floor panels.

Figure 6.2. As Oy Tampereen Tikka, floor plan, 1st-6th floor.

96



Testing the model

6.2.2 COVE modelling

The modelling of the building was carried out using the AutoCad dwg files pro-
duced by the architect as input. The architect delivered dwg files for the differ-
ent storeys in such a way that each storey was a separate file and that objects
normally visible in 1:100 pictures were shown on one plan. The base points of
each picture were placed in the same corner point on each storey.

Modelling was carried out on consecutive days, keeping a detailed account of
the hours used and of activities performed. The computer used for modelling the
test construction was a Sun SPARCstation 5 64 MB. In addition to AutoCad
drawings, the specification of works, and the door and window schedules were
used as input information for the modelling.

Using COVE the actua effective modelling time for the building was 12 work-
ing hours (one person), which may be broken down in greater detail as follows:

There were some 3,000 components (objects) in the final production model of

the construction. The modelling of the building’s frame structures, balcony and
roof structures took a total of 4.5 hours. As the structural system also includes
windows and doors, the structural system accounts for 7 hours of the effective
modelling time.

The spatial system accounted for 5 hours of the actual modelling time. There
were in all 10 different types of apartments to be modelled in the building. On
the average, it took about 20 minutes to model one apartment. The times varied
from 15 to 40 minutes among individual apartments, depending on their size and
on how successful the modelling work was.

The time used on modelling depends not only on the complexity of the building
but also on how precise a model is desired. For example, the precise location of
the windows is not important if a cost estimate is required purely for tendering
calculation purposes. The modelling of As Oy Tampereen Tikka was, however,
performed with the maximum possible precision, which is apparent particularly
from the times spent on modelling the apartments and the doors and windows.
There is therefore good reason to compromise on the precision of modelling on
a case-by-case basis, which will reduce the time spent on modelling work.

The automatic analysis of the building’s scope and characteristic figures (de-
scribed in chapter 4) was performed with the applications interface. The exploi-
tation and appropriate usage of these key figures will only become possible
when there are enough buildings modelled to put together a comprehensive body
of comparative data as cases in reference library. The impact of the key figures
on costs can be determined by studying their dependency on measured costs af-
ter the completion of the building.
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6.3 Integration with the tendering activity

6.3.1 Current tendering system of YIT

An important requirement for the prototype system was to exploit the cost esti-
mation system already used by the company as well asits built-in databases. As
described in chapter 2., the quantity survey is the most time consuming part of
tendering. The TARMO cost-estimating system used by YIT Building Con-
struction is based on the calculation of building elements using the nomenclature
of either Construction-80 or Construction-90. The Construction-90 item head-
ings are used in connection with the COVE application. TARMO is pro-
grammed using the W-language and MDBS-database. W-language is a case tool
programmed in the C language and MDBS is a database management system
which uses an extended network data model.

TARMO uses three standard databases. These databases are for elements, meth-
ods and resources. The element database links element types with method
structures which can be used for constructing these types of elements. The
method database associates resource structures (work sections, recipes) with the
methods. The resource database consist of resources and their prices. These
standard databases are continuously updated with the current input price list.
Updates of labour prices are based on actual site costs, which are collected from
the sites in the form of fina reports and audited information. Today the resource
database consists of about 6 000 items.

TARMO alows to make the bill of quantities on two levels; on the level of ele-
ments and on the level of methods. Every element has also a structure composed
of methods. These structures can be chosen from the element database or it can
be composed of separate chosen methods.

The construction elements, equipment components, system components and
spaces in a project are compiled into construction element structures by speci-
fying their contents with an item heading. According to the context, the item
headings included in the structure describe a performance, a structure layer, an
accessory or an event. The contents of the item heading consist of inputs com-
prising the factor of production required to create the product.

Today the user first needs to have the bill of quantities, and then manually keys
in this information to TARMO using a textbased interface. The user defines the
chosen method and location of the building elements. The average time for this
operation is about 10-15 working days for an apartment building of 5 000 m2.

6.3.2 Integration of COVE with the TARMO tendering system

The solution chosen for integrating COVE and TARMO was a transfer file
which could be used for reading in the structural information from the produc-
tion modd into the cost estimating system. This transfer file is produced fully
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automatically from COVE. It is as well possible to transfer only parts of the
model. The transfer file was designed in such away that it is equal in content to
the input information to TARMO in a project processed by conventional meth-
ods.

The structure of the transfer file complies with the standard of the Construction
90 system. The principal parts of the transfer file are as follows:

» theproject
* project locations

» component (construction component, equipment component, project compo-
nent, space)

 location of component (after the construction component or item heading)
» item heading (after the construction component)
» work section

» comments concerning the basis for decisions made and risk handling

The production model, in this case COVE-model, produces detailed information

about components and their attributes. A component can be a space, surface, a
structural component or a HVAC-element and has location and work sections
(method and recipes) e.g. form work. The location attribute depends on the
component. For some components, it can for instance be Building A, but for

some other component it can be as specific as a single room. There is a hierar-

chical relationship between different locations which enables the use of this in-
formation in later stages. A rough cost estimation can be given by pricing the
components’ work sections. The integration of the COVE production model and
the tendering database is illustrated in figure 6.3.

In order to determine a cost estimate, a transfer file was made from the produc-
tion model for the TARMO cost estimate system. The stages of making the
transfer file and the computer time used on them were as follows:

Examining the building using TARMO is similar to examining a building cal-
culated with traditional methods. The cost estimate made with the COVE model
is based on the pricing carried out in connection with the transfer run, in which
standard item headings and standard input prices are used. Figure 6.4 illustrates
a data transfer from the COVE production model to the TARMO tendering/cost-
estimation system.
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database.
COVE
. TRANSFERHALE
Production mood %
SECTION ASation
INTERMEDIATE S AB.S35764 SSECTION B Sfion
SSECTION_HSedtion
. RF27VPL9.14 M2 HOLLOW CORE S AB
Block Sadtion A -
. = i PSECTION_A99.14 ST804
Conarete jairt_code %5 Exhanging data > NP7 250065 17612
Conarete joint_method 0265 NF27 261001  99.14
Conaete jaint_quartity 176.12 N27 250005 180
Filling_code 26 NR27252265 914
=111 m_mm 1001 RF27VPL146.86 M2 HOLLOW CORE S AB
gy o ol siecs
In.\'talh:ng code 25 ) NEZ72BI00L 14686
Installing method 0005 N7 250005 290
Installing quantity 18 NF27 252265 14686
Rurchasing code x5 RF27VPLS7.88 M2 HOLLOW CORE S AB
Rurchesing method 2265 PSECTION_H87.88 S7806
Rurchasing _quantity 9.14 TARMO NEZBI00L 8768
Su aoce F2r Cogt edtinete sysem NF27 250005 180
U _rare Hdlow_core deb NF27 25265 87.88
Qu_quartity 99.14 RF27VPL16884M2 HOLLOW CORE SLAB
S quartity_unit 11 PSECTION_B 16884 S7807
U type VPL N7 250065 29876
- NF27261001 16384
NE27 250005 29.0
T NF27 252265 16384
L 1
Fixaprice
RO TypeBuildng dement Queantity Unit Rice  RAVktotd
Identification Rdativouantity ~ Unit  Quartity  Price  FAMktota
F27 VP1 HOLLOW_CORE SLAB 502.72 M2
127 25 0005 Element assembly, hollow cores 02 PCS 94.00 11741 11037
F27 250265 Hdlow core: juncture 265 mm 18 M 894.37 712 6368
F27 252265 Hdlow core 265 mm, purchasing 10 M2 502.72 13867 69712
F27 261001 Curing of concretedaments 10 M2 502.72 757 3806

Figure 6.4. Example data transfer from COVE to TARMO (concerning hollow core

slabs).

100



Testing the model

6.4 Modelling based on the neutral model

6.4.1 Project description

The building for the real estate holding company As Oy Lapinniemen Isopurjeis
an eight-storey apartment building with two stairwells. The building is of precast
panels throughout, with precast panel walls and hollow-core slabs as the |oad-
bearing structures. The 1,700 cubic metre underground car park beneath the
building was excluded from the pilot project.

The design team for the project consisted of the same partners as the members

of the pilot study committee, so it was possible to combine actual design work
and development-related modelling. However, the traditional design work pro-
gressed on the schedule required for the construction project irrespective of the
schedule for pilot project. The COVE model of the building isillustrated in fig-
ure 6.5.
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Figure 6.5. The As Oy Isopurje model in COVE application.

During the pilot project the development of the model based cost and value en-
gineering system was still in progress, as was the exact definition of the com-

mon attributes to be exchanged. The data entry of the architect’'s and structural
designer’s aspect models was done successfully in a way which transferred the

model’s product structure with all its attributes and dependencies.
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One of the main aims of this Isopurje pilot study was to provide feedback infor-
mation through the testing in order to help in the definition of the ABCM core
model. Partial data transfers from COVE to TARMO were carried out for such
components as external walls, floors and foundations. These partial estimates fa-
cilitated testing the coverage of the attribute content, the correctness of rules,
and the smooth running of transfer runs.

For the designers the usage of Design++ was afirst attempt to utilise the product
model approach (Isopurje pilot only). Compared to their daily work with Auto-
Cad this was quite different, even if the graphical interface was AutoCad.

6.4.2 Data exchange

The data exchange concept (described in chapter 5) proved to be quite reliable.

For instance, the data of the whole structural engineer’'s model, including the
relevant parts from the architectural model, were successfully transferred to the
contractor’s application through the common server with no losses in the data:
all the attribute, decomposition and relationship data were maintained intact
through the conversioriSerén et al. 1996

The normal data exchange procedure worked as follows:

1. The sender exports the data exchange file from his product model and
uploads the file from his workstation to his directory on the server using FTP
client software.

2. The sender notifies the intended receivers about the available exchange file
and its location by e-mail. At the same time he also notifies the server ad-
ministrator.

3. The receiver reads the e-mail message and downloads the exchange file to his
workstation using FTP client software or a WWW-browser.

The receiver imports the exchange file into his product model and notifies the
sender and administrator by e-mail if problems occur. The server directory
structure is described in fig 6.6.
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Figure 6.6. Server directory structure.

One problem in the pilot testing was the speed performance of data transfer: be-
cause a product model of an apartment building is large (5-10 MB), transfer
times can pose a problem. For example, with relatively slow modem dial-up
connections (transfer rates in the order of 9600 - 14400 bps) the data transfer
time was in the worst case up to one hour, depending on the line loads. Faster
dedicated or ISDN connections are recommended when larger data transfer vol-
umes are handled. The transfer may of course be set up to be executed during
night-time, which also accentuates the importance of an independent server for
intermediate file storage. The use of a centralized server does not restrict the re-
ceiver’s activities in any way; he may download the files at any convenient time.

One of the advantages of using the OXF format for the transfer files was that it
lead to relatively compact files. For instance the size of the neutral exchange file
(OXF) containing the structural engineer's model data was only 110 kB in the
pilot. Even though some compression scheme could have been used, the advan-
tage of using the neutral file format was obvious at the time of the pilot project.

6.5 Conclusions

The following discussion is based on interviews made with YIT staff after the
pilot projects and after some other test projects, and with staff from design of-
fices during and after the pilot projects.

A cost estimation produced with the COVE model currently covers about 60%
of a full cost estimation. At present, the information generated by the production
model can be used to determine the costs of spaces and structures, but the costs
of technical systems, foundation works and site engineering must for the mo-
ment be determined separately for each project by traditional methods. En-
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hancements to the system are essential so that an all-inclusive cost estimation
can be obtained.

6.5.1 YIT staff viewpoint

The examination of the extent of the building and of the various characteristic

figures are based on the user’s conclusions drawn from the COVE calculations.
The way these characteristic figures are used has so far depended entirely on the
user’s skills and experience. In addition to the traditional characteristic figures,
COVE enables the calculation of many characteristic figures which can be de-
rived from the shape and the quantities of various construction elements de-
scribed in the model; so far there is no experiential basis for the comparison of
these. As the number of models rises, and as systematically compiled statistical
materials accumulate, the possibility arises of analysing the data e.g. scope, effi-
ciency of the design solution, on the basis of comparative statistics, which will
yield information on the importance of these characteristic figures to design
management.

The examination of the scope and especially of the functionality of a design so-
lution is still performed through a graphical user interface. In other words, the
user examines the designs with AutoCad images and draws conclusions on the
basis of his own knowledge. It was found that these requirements are difficult to
describe as design rules for the system (Design ++). The same difficulty was en-
countered in defining QFD requirements.

It is possible to carry out comparative estimates by generating a transfer file
from a limited set of components, e.g. facade elements or the building frame. In
the initial phase of modelling it is possible to estimate the design by determining
a cost estimation for the loadbearing structure alone. The quantity of the load-
bearing frame and its cost are appropriate points of comparison also for assess-
ing the scope of design. This feature was found very useful by the staff involved.

The required design data can be taken from the production model by inspecting
the model from various perspectives, viewing only the needed components and
attributes in isolation. This open product structure was found very useful in par-
ticular to procurement operations, in which the modules required by the building
component trade can be freely demarcated and assembled together. Precise data
on quantities and designs can be appended to tenders, so the supplier's quantity
estimation is left out and the risks inherent in the supplier’s tender are reduced
as the appended material becomes more accurate.

As a conclusion of the experiences so far the interviews indicated that the

achieved accuracy is acceptable and the savings in time are about 80 %. Also
most mechanical and human errors are avoided and in addition it is always pos-
sible to check the model using visual Auto-Cad images. Alternative design and

production solutions are relatively easy and quick to cross-check.
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The most probable way in which the COVE application will be used in the near

future is for modelling production models by the contractor’'s design manage-
ment and estimation staff. This has also been a basic assumption of the devel-
opment work. Using AutoCad files as a basis for modelling is, for the time be-
ing, a convenient modelling method. Modelling on the basis of AutoCad image
files was in the pilots found to be considerably faster than working with draw-
ings on the paper. The time taken to precise modelling from paper drawings can
be estimated as two to three times the time taken to model with AutoCad files
(comparisons made in typical housing projects). However, the most important
achievement according to the production planners is that now the information is
in usable form for other activities (production planning, scheduling etc.) in later
phases.

6.5.2 Designers’ viewpoint

From the designers’ viewpoiatcrucial feature of the approach is that the latest,
non-conflicting design data is stored only once, in a single location. This makes
it quicker to keep up to date and to note changes.

In the opinion of the interviewed designers the overall design time will be short-
ened when the specialist designers are able to start designing simultaneously
with the architectural drafts. Work done on early drafts will not be wasted as the
data content can be augmented as the design progresses. If model-based design
Is carried out on an integrated basis, the overall time used on design is short-
ened. The different designers can work together simultaneously even at the draft
stage.

A feature which the designers welcome particularly is that the contractor’s
model-based design management will give the designers immediate feedback
on, for example, the cost impact of alternative solutions. The exploration of the
overall cost impact of non-routine, new solution methods will promote devel-
opment work and innovation by designers.

The main difficulty in implementing this new model based approach in practice
is the lack of product model based design tools. The emerging IFC development
will hopefully help in solving this problem.

6.5.3 Comparisons with the requirements

The results of the testing can be compared with the requirements defined in sec-
tion 5.1:

* The architecture and accuracy of the product model should comply with
YIT's needs for tendering, cost estimation and production planning activi-
ties. This was demonstrated for the case of cost estimation and tendering
through the interface to the TARMO application.
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» |t should be possible to apply YIT’s production knowledge, in the form of
methods and recipes stored in data bases, to the building e ements obtained
from the building product model. This was demonstrated in both pilot test
cases.

* The system should allow the use of the designers current documentation,
which mainly comes as 2-D CAD-files, as input that can be transformed by
the contractor to the format required for the product model. This was demon-
strated in the Tikka pilot.

o Alternatively it should be possible for the designers to directly create the
parts of the product model for which they are responsible. This was demon-
strated in the Isopurje pilot.

* The system should be able to generate hills of quantities including the
knowledge of the hierarchical locations of building elements, i.e. section,
staircase or room and to extract materia lists structured for different pur-
poses, e.g. quotation tendering. This was demonstrated in connection with the
data transfer to the TARMO system.

» The basic analysis of the design solution in terms of scope, efficiency, form
and functionality (basics of cost and value engineering), should be as auto-
mated as possible. The basic analysis was defined and tested in both pilots on
the level that YIT uses the characteristic figures.

* The system should allow to use predefined and accepted building systems
(e.g. frame, heating system) or structural details from knowledge libraries, so
called YIT best practice. For the case of structural details this feature was
included in the Isopurje pilot.

» The system should enable the exploitation of information from reference
projects, especially in the early phases of the process, using previously mod-
elled projects to support case based reasoning. This was not demonstrated
during the pilots. This feature needs more projects to be modelled in order to
make the definition for the case based reasoning.

* The system should be able to read input formatted according to the STEP
physical data exchange format and should be structured in such a way that it
could easily be adapted to receive data according to the emerging STEP/IFC
core model schemas. The first attempts were carried out on suitable level for
the Design++ system, but not in connection with the pilots pilots. This re-
quirement was postponed to later phases and towards the emerging IFC
definition.
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7 RESULTS AND DISCUSSION

7.1 Overview of the results of the study

In chapter 2 the results of an analysis of the information management process
used currently in the chosen case company, YIT, are presented. The process is
described in a formalised way using the IDEFO modelling methodology. Six
major shortcomings were identified in the current client service and design and
construct processes. In particular the following problems were high-lighted:

» The contractor lacks the ability to provide adequate decision support for the
customer, especially in the very early stages of a project, such as briefing.

 Thereis alot of duplication of work involved in the transfer and reuse of
data. The contractor cannot use the information coming from designers as in-
put information for his own cost and value engineering information applica-
tions, and the internal integration of the contractor’s own applications for cost
estimation, scheduling etc. is also poor, causing alot of repetitive work, and
increasing the risk of errors.

Although the results are based on an analysis carried out inside one case com-
pany, they are very much in line with similar results reported by other research-
ers. For instance, Tarandi discusses in his thesis [Tarandi 1998] the problem of
how to transfer product related information from design to construction. The in-
dividual building objects and their properties can be found only implicitly, i.e.
through human interpretation of paper drawings and other documents. He fo-
cuses on the same kind of problems of quantity take-off and design change man-
agement as this study.

Construction process reengineering is the main focus for Fischer et al. [1995].
He discusses problems in current scheduling and cost estimation practice
[Aalami and Fischer 1998]. In particular he points out that accurate and detailed
feedback on the cost and schedule implications of design decisions are usually
too late in the project delivery process. He discusses the possibilities to move
construction management tasks into earlier phases of the process.

Froese [1992] believes, as in this study, that integrated computer systems offer
the capability of improving the effectiveness and efficiency of construction
management processes. His interest has been in developing and standardising
high-level, generic core information models of construction processes.

Luiten concentrates in his thesis [Luiten 1994] on the DfC (design for construc-
tion) approach and analyses six interactions problems between design and con-
struction in terms of the exchange of information, knowledge and tasks between
designers and contractors:

» Forward exchange of the building design
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» Feedback on the building design from construction

» Backward exchange of contractors’ information

» Backward exchange of general constructability knowledge
» Upstream shift of construction management tasks

* Downstream shift of design tasks

A research group at the University of Salford (UK) has taken quite another
view to describing the problems within construction process information man-
agement; the co-maturation between the construction process and supporting IT
[Aouad et al. 1998 It is based on classifying the process maturity and IT-
maturity of different stages of the construction process using a five-level model
(the Capability Maturity Model, CMM). The process maturity levels include,
from the lowest to the highest. emerging, ad-hoc, repeatable, defined, managed
and optimised. The corresponding levels for IT technology maturity are:
emerging, initial, applied, integrated, managed and matured. The result of the
analysis is that the problem with the construction process and its IT support is
that they reach only the three lowest levels. In particular the authors point out
that: construction is on the level defined (3), design on the level repeatable (2),
facilities management and feasibility on the level ad-hoc (1) and environmental
management on the level emerging (0). The analysis of different types of IT-
tools indicated that CAD, project planning, estimating, management of bills of
guantity and purchasing are on level (2) applied, 3D and VR on level (1) ad-hoc
and standards, communications, STEP, IAl and case based reasoning on level
(0) emerging. These results are not in conflict with the results of this study, al-
though the viewpoint and type of analysis is quite different.

Theprocess model , described in chapter 2, of current practice in one construc-
tion company, can also be compared with some other formalised construction
process models presented in the literature. The process model of current Finnish
construction practice which was defined by V[Rarhu et al. 1997aims at

being a systematic and generic reference description of the overall construction
process, covering the building project from the need survey to the hand over to
the customer. The basic scope is the prevailing practice within the construction
industry. Although the study used the IDEFO methodology, it used an earlier
analysis of the process done by the Building Information Institute, in the form
of client's and designer's task lists, as important input material. In contrast to the
process model of this study, VTT's model contained several different view-
points, since it included distinctly separated submodels for the client's activities,
the activities of the different designers and for the production phase. The de-
composition of the overall process model is shown in figure 7.1. The model is
geared to the prevailing general contracting practice and has little provision for
feedback.
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Figure 7.1. The overall decomposition of VIT's process model of current Finnish con-
struction practice [Karhu et al. 1997].

In the Process Protocol Map of Salford University [Aouad et al. 1998] the con-
struction process is broken down into four main phases and ten sub phases:

* Pre-project phase

» Pre-Construction phase
e Construction phase

» Post Completion phase.

These phases were analysed in terms of process maturity (CMM as described
above). This map was used in identifying the supporting I T technologies.

Sanvido concentrated in his Integrated Building Process Model (IBPM) on the
essential functions required to provide a facility to the end user [Sanvido 1990],
[Sanvido 1995]. The main activities in his process model are manage, plan, de-
sign, construct, operate and maintain afacility.

Chapter 3 contains a review of relevant methods and research in the construc-
tion information classification and product modelling domain. The key conclu-
sions of this review was that it was important to ensure future compatibility of
the company’s systems with the standards emerging from the STEP and 1Al
work. The review also indicated that the core model - aspect model approach,
which has been the focus of quite alot of research recently, and which underpins
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the STEP/IAI efforts, could provide a good basis for the product model defini-
tions needed in the prototypes.

Chapter 4 contains a description of the target process for information manage-

ment, which takes into account the possibilities for process reengineering of-

fered by product data technology. On the highest level the process mode defines

the relationships between the client’s building procurement activity, the infor-
mation management of the contractor in a particular design and construction
project, the continuous maintenance of the construction company's knowledge
bases, and the use of the constructed buildings. It is in the interrelationships
between these, through better feedback for decision support, that the most sig-
nificant benefits of the reengineered process occur.

There are hardly any examples of reenginered company process model which
have been reported in the literature, although there are a number of on-going
R&D projects which include such modelling in their scope (i.e. the European
CONCUR projec{Storer and Los 199Y. There are two reasons for this, firstly
that formalised techniques like IDEFO are seldom used by companies in the con-
struction industry, secondly that companies are unlikely to publish the results of
such modelling efforts.

Based on the results from the state-of-the art review and on the target process
description a framework architecture for a model based cost and value engi-
neering process was defined. This framework, which is presentédzrer 5,

uses the notions of a core model and aspects models, and adds the concept of a
production model to these, where the production model is obtained through the
integration of the construction company's aspect product model and the com-
pany's production knowledge, in the form of knowledge bases containing con-
struction methods and recipes. Based on this framework architecture a proto-
type application, which uses a knowledge based tool called Design++ and
which also uses some of the results of earlier Finnish research at VTT for its
physical data exchange schema, was developed.

This architecture can be compared to models defined by other researchers. In
the PreFacto systefdagbeck 1996the generic product data model holds a
core of information needed for managing a construction project. Also in
Prefacto the product description is based on a neutral core model solution influ-
enced by STEP. The information is imported from design documents and is
used as input for creating PreFacto's own aspect model (a Production Manage-
ment Model), which is quite similar in scope to the contractor's production
model of this study.

The minimal NICC (Neutral Intelligent CAD Communication) conceptual
schemdTarandi 1998 specifies the use of concepts for the exchange of com-
puter interpretable information relating to all parts of buildings. NICC contains
building object shape and type, connectivites, assemblies and graphical repre-
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sentation. The NICC model consists of three meta classes. building object,
building space and building system. The production aspect is not as pronounced
in NICC as in the COVE-application, which includes production knowledge in
terms of methods and recipes.

The architecture in Luiten’s PMshdlLuiten 1994 is based on main user re-
guirements. The most important was the integration, also the modularity and
support of the STEP formats, which is similar to the approach in this study. The
architecture of PMshell consists of layers with domains. A layer can be inter-
preted as a group of conceptual models with the same scope. A domain repre-
sents a field of interest, a so-called universe of discourse.

Luiten and Fisher have tested the usefulness of a conceptual project model and
system architecture as information models for integrated construction manage-

ment in the prototype system called SPACECAKHiten and Fischer 1995

The conceptual project model was built up of project classes and their attributes

and relationships. The main finding was the need for the development of com-

puter interpretable representations of construction knowledge, which complies

well with the direction of this study.

In chapter 6 the results of some pilot tests with this prototype were presented. In
the Tikka pilot the method where the contractor's own personnel modelled the
production model directly from CAD drawings was tested. In the Isopurje pilot
the different designers used product model based (prototype) tools and the prod-
uct model was first assembled from these, after which the production knowledge
was added by the contractor’'s own personnel.

7.2 Results discussed in the framework of the target process

In the following, the results of the prototype development and testing are dis-
cussed in slightly more detail, using the target process description from chapter
4 as a framework for structuring the discussion. The requirements described in
chapter 5 are also taken into account.

The order of the discussion does not follow the hierarchical structure of the
IDEFO model directly. Rather the discussion starts with the subnidadelge
design and construction (A2), to which most of the demonstrated results are re-
lated, and then returns to the more comprehensive mbdegn and construct
building (A-0), including the activities outside the contractor’s activities.

The submodeManage design and construct (A2) figure 4.6, contains six ac-
tivities ranging fromDefine brief t0 Manage hand over. In the submoddDefine

brief (A21) figure 4.7, there are two additional activities due to the
reengineering of the procesS€reate preliminary architect's aspect model
(A213) andCreate preliminary production model (A214). The activityCreate
preliminary architect's aspect model has as input the architect's sketches and as
output the preliminary architect's aspect model. This is related to the require-
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ment: alternatively it should be possible for the designers to directly create the
parts of the product model for which they are responsible. This feature of the
model was tested in the Isopurje pilot. The creation of a preliminary production
model is made possible by the use of the knowledge based engineering system
(as mechanism) and indirectly provides better decision support for the customer
through the usage of this intermediary output as input in the make budget price
for the customer activity.

YIT’s design management is described in the submodel Do and supervise de-
sign (A22) figure 4.8. The activities are quite the same as in the traditional pro-
cess, but the design is carried out using model based applications and the form
of information to be exchanged is totally new, model based. The media for data
exchange is Internet (shown as mechanism). The lack of suitable model-based
applications today is the key problem which hampers this new approach.

The subactivity Exchange data in neutral form (A225) has both as input
(sender’s view) and as output (receiver’s view) the designers aspect models
which are in OXF-form. This partly fulfils the requirement: the system should
be able to read input formatted according to the STEP physical data exchange
format and should be structured in a such way that it could easily be adapted to
receive data according to the emerging STEP/IFC core model schemas. This
feature was tested in the Isopurje pilot and later with the architect’s and struc-
tural engineer’s aspect models separately. The final output from this submodel
Is an integrated building model.

In this activity the central input is the integrated building model emanating
from the designers. Another input consists of libraries, in the form of detailed
methods, recipes and resource information. This fulfils the requirement: it
should be possible to apply production knowledge, in the form of methods and
recipes stored in data bases, to the building elements obtained from the build-
ing product model. This is the basic function for tendering and cost estimating,
and it was tested during the pilots. One part of the library input is in the target
model in the form of standard solutions. This was stated in the requirement: the
system should allow to use predefined and accepted building systems (e.g.
frame, heating system) or structural details from knowledge libraries, so called
YIT best practice. The definition and development of this feature is still going
on and some basic tests have been done concerning structural engineering.

The main submodel from YIT’s point of view is Manage cost and value engi-
neering (A23), figure 4.9. In this submodel the process reengineering is rather
extensive. The new activities are: analyse design, compose production model,
study alternatives and estimate life-cycle economy. Since the information is
now in manageable form (product model) it is possible to make quick analysis
of aternative solutions of methods and materials to accomplish the building.
The main input is an integrated building model which is based either on inte-
grated model based design or modelling by COVE from drawings (figure 4.3),
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or using aspect models. This fulfils the following requirements. the system
should allow the use of designers' current documentation, which mainly comes
as 2-D CAD-files, as input that can be transformed by the contractor to the
format required for the product model, and alternatively it should be possible
for the designers to directly create the parts of the product model for which
they are responsible. This has been tested and demonstrated in the pilots. There
is atotally new input, data bank for life-cycle costs, which is still under devel-
opment and has not been tested. The main output from the Manage C & V en-
gineering activity is the production model, the key issue of this research. This
fulfils the following requirements: the architecture and accuracy of the product
model should comply with YIT's needs for tendering, cost estimation and pro-
duction planning activities and it should be possible to apply production knowl-
edge, in the form of methods and recipes stored in data bases, to the building
elements obtained from the building product model. This feature was tested
carefully.

The production model is on a more detailed level an output from the activity
Compose production model (A232). Another output from this activity are the
guantities, which is in accordance with the requirement: the system should be
able to generate bills of quantities including the knowledge of the hierarchical
locations of building elements, i.e. section, staircase, apartment or room, and to
extract material lists structured for different purposes, e.g. quotation tendering.
Due to its paramount importance for YIT this output has been tested thor-
oughly. The utilisation of the production model information in production
planing is in the activity Make schedule and plan construction (A233). Thisis
now on a prototype level as reported by Oinas [1998].

The highest level of the Design and construct building model (AO) figure 4.5,
describes the interfaces between Y IT's activities in a particular project with the
customer’s activities, the activities of the building’'s end users and YIT’s long-
term maintenance of its knowledge bases. From the customer’s point of view
the main differences compared to the current process are:

» Better decision support and decision support in earlier phases
» Building documentation in model form (so called as built model)

These features have not yet been tested in real projects.

Overal most of the requirements defined in chapter 5 and most of the new ac-
tivities in the to-be process model are achieved. The central features, in which
the target process model differs from the as-is model, were demonstrated in the
pilot projects. Due to the lack of modelled cases there is still quite lot of re-
search to be done concerning better decision support in the briefing phase.
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7.3 Generalisation of the results

This study has been conducted as a case study in a single company and has thus
been limited in severa respects. Nevertheless it ought to be possible to reuse
some of the ideas and technical solutions also in other contexts than the origina
one. The main directions for generalisation are shown in table 7.1 below.

Table 7.1. The main directions for the generalisation.

Original context Generalisation aspect

Design and construct contract | General contracting

Residentia building Any building construction

Main contractor’s viewpoint | Other construction process parties’ vigw-
point.

Prefabrication In-situ construction

Finnish practice Practice in other countries

In this study the design and construct process approach was chosen due to its
strategic importance for YIT. The model based tendering and estimating ap-
proach can be used in Bid and construct as well. If general contractors define
their information process according to their business needs, the chosen model
based approach can be utilised. The data exchange paradigm is suited to both
construction processes almost unaltered.

The focus on residential buildings was based on the market situation at that time.
The model based approach can, however, be used in any kind of building con-
struction. Obviously the product data models need to be redefined for different
types of buildings. The basic knowledge of the production is the key issue and
must be defined first. In later stages the modelled buildings should be sorted in
the library according to the building type (e.g. residential, office, industrial) in
order to be able to utilise them as cases.

The process analysis described in this thesis is based on the main contractor’s
viewpoint, but there has been active involvement of other parties, especially de-
signers as in the Isopurje pilot. Saarnivagr@97 describes the system unit
supply approach which can be obtained in this information process analysis. As
described in chapter 1 the supply process is one of the main processes. Using the
same methodology and tools the supply process can be integrated into the main
contractor’s process. This kind of research is going on in Europe, for instance in
the IMS/Globeman proje¢Globeman 1998
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A big effort has been made in the industrialisation of the construction process in

Finland [Saarnivaara 1990]. The prefabricated concrete industry is the market

leader in building frames and facade elements [Karhu 1997]. Even though the
tendency is towards industrialisation (prefabrication), in some cases in-situ con-
struction is desirable. The contents of in-situ constructed "modules” must be de-
fined and modelled in terms of methods and recipes (as described in chapter 3).
This requires some changes in the model builder (COVE), but basically the
same functions can be utilised.

This study is based on Finnish construction practice. In comparison with inter-
national practice the main differences lie in the roles and responsibilities of dif-
frerent partners. The key issue is the definition of the information flows within
the process and its context. On a European level the on-going CONCUR project
[Storer and Los 1997/has already adopted a similar model based approach. In
Japan and USALahdenpera 1995here are several R&D projects which basi-
cally have similar targets.
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8 CONCLUSIONS

In chapter 1 the overall aim of this research was defined as:

* To study how the data management of a general contractor, who mainly aims
at working in design and construction projects, can be improved, in order to
provide better client value and more cost-efficient production.

The underlying belief was that significant improvements can be achieved by
using product modelling as enabling technology.

On amore detailed level the objectives of the study were:

* |dentify the ways in which design information can be made amenable to
computer interpretation.

» Define the structure and content for a cost and vaue engineering manage-
ment system.

» Demonstrate the working parameters of a cost and value engineering man-
agement system.

The objectives of the research have been achieved through a number of interre-
lated activities as outlined and discussed in Chapter 7. In this respect, it has been
decided not to repeat those arguments here, but to concentrate instead on the
further application and benefits of the results of the research.

8.1 Future research and development topics

8.1.1 The positive effects of standardisation

From the contractor’s viewpoint, all standardisation for data exchange is benefi-
cia. In the opinion of the author, the definition of the IFC schemas will speed
up the standardisation needed for a large scale proliferation of product data
technology in the construction industry. Another very significant consequence
of the work of the Industry Alliance for Interoperability is promoting the intro-
duction of product model technology as such.

The specifications for an architect’s space model are already fairly advanced in
the IFC work. The other fields of design have also made a good start, particu-
larly in the area which in this study was neglected - building services. When the
IFC/1AI definitions eventually will become embedded in commercially usable
software, the use of the product model approach in the construction industry
will take a great step forward. For the case company, this will only improve the
prospects of expanding the utilisation of IT. The compatibility of the company’s
systems with emerging | FC-based applications has been attended to in advance
asfar asthiswas possible.
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Figure 8.1. A part of class library in Design++ which is structured according to the
IFC version 1.5 schema. This illustrates the upwards compatibility of COVE with de-
velopments in international product model standardisation.

8.1.2 Research and development needs from the viewpoint of the
case company

Chapter 2 described the main problems of the construction process life cycle,
from the viewpoint of the case company. This study provided a contribution to
solving one of these: the integration of design and production planning as well
as tendering and cost and value engineering activities. From the viewpoint of the
case company research topics and development aims in the future should in-
clude:

» The creation of a "space” model in the briefing phase as a link with the pro-
duction model. This will achieve the integration of the first part of the proc-
ess with design and production and will provide a basis for producing infor-
mation supporting decision-making for the client and the other partners in the
process: designers, contractors and suppliers. Another goal is to develop tools
for visualising the differences between alternatives.

» Utilising and integrating the product/production model in production plan-
ning, where it will serve as basic data. The main areas lie in time scheduling,
logistical planning, purchasing planning, and production activity planning.
The viewpoints should be: the main contractor’s, the building services con-
tractor’'s and the suppliers’.
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» The definition and implementation of the "as built’-model as a logical con-
tinuation for the production model. In this model there should be the infor-
mation of designers (why and based on what the technical solution was cho-
sen) and of the contractor (materials, systems and maintenance information).
The target situatiofOinas et al. 1997s described in figure 8.2.

PRODUCT MODEL » PRODUCTION MODEL » AS-BUILD MODEL
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Figure 8.2. Target situation for the use of model support throughout the construction
process life-cycle.

8.1.3 Research needs from society’s perspective

The long-term research needs for the construction industry have been discussed
in numerous publications and conferences world-wide. Of particular relevance
to the Finnish industry (and thus also to the case company) are the visions which
have been discussed by the Finnish Technology Development C8aami-

vaara 199F. This is not only due to the fact that these visions and R&D strate-
gies are based on an analysis from the Finnish national viewpoint, but also, quite
pragmatically, because the centre can back up its strategy formulation with sub-
stantial R&D funding. Figure 8.3 illustrates some of the key concepts included
in these strategies.
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Figure 8.3. Strategic goals and visions for the construction industry [Saarnivaara
1997].

Central topicsin long term research will be the management and assessment of
the life-cycle economy of the buildings. From the viewpoint of sustainable
growth, which respects the environment, construction is in a very central posi-
tion. The present construction practice concentrates on achieving the lowest
construction cost instead of optimising the life cycle costs and environmental
impacts of the use of a building. This prevents to accomplish the principles of
sustainable development in the building sector. The results of future research
ought to give better opportunities for sustainable construction technology. (Less
energy contents, less use of scarce building materials, less waste by optimising
logistics and simulating the buildings before they are built.)

Improvements in the customer service process is aso a primary R&D topic.
The customer ought to be offered more tangible information on the project’s in-
vestment costs and its life cycle costs as well as on the time schedule. This will
help the customer make better decisions.

Concerning the impact of information technology on the construction industry
Tekes has recently launched a major development programme called VERA
[VERA 1998], which by international comparisons is quite substantial, consid-
ering the size of Finland (150 Mill FIM over 6 years). The main purpose of
VERA isto promote the utilisation of product data technology and information
networks within construction processes. The author of this thesis is heavily in-
volved in VERA, in the capacity of chairman of the board. The studies reported
in this thesis have de facto acted as a forerunner to the projects now being car-
ried out by alarge number of companies with VERA funding.
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One key feature of VERA isthe strong emphasis on "forcing" companies to use
existing and developing IT standards. For this reason there has been a policy
decision to support the IFC work both by Finnish active participation in the
definition of the IFC’s and by implementing the ensuing standards in VERA
development projects.

8.2 Final conclusions

In parallel with this research some other researchers have taken similar ap-

proaches to the problem of integrating design and construction information (see

discussion in chapter 3). Compared to these the research reported in this thesis
has taken a rather more comprehensive approach to integrate the whole con-
struction process throughout its life-cycle. The briefing phase has been less in

focus for the other researchers mentioned above.

The proposed main contribution of the research reported in this thesis is that the
product model approach can be used as the technical means for a substantially
reengineered information management process of a main contractor. Although
the testing is not complete, it goes a longer way into full-scale testing in an in-
dustrial setting than most of the reported building product model research. This
type of applied research is very much needed to provide the "proof-of-concept”
of the utilisation of product models within the construction industry, which is
needed to convince company managers to go ahead and invest in reengineering
the way their companies work.
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