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1 INTRODUCTION

Every software developer, from the individual amateur to
the largest enterprise, dreams of giving rise to a “killer
application (commonly shortened to killer app) that is so
useful or desirable that it proves the value of some under-
lying technology”'. Whether the ‘killer app’ provides
financial benefits either to the developer or the hardware
platform vendor is beside the point. The important thing
is the professional or social component: a true ‘killer app’
radically alters some form of human activity, either by
creating an activity that did not exist before, or by im-
proving the performance of an activity so dramatically
that its practitioners view it as a revolutionary change.
The first set of ‘killer apps’ so named, the early spread-
sheet programs VisiCalc and Lotus 1-2-3, certainly revo-
lutionized finance, accounting, engineering and many
other professional disciplines. These programs, in fact,
engendered the pursuit of the dream referred to above.

The title of the talk is not “How to create a killer app in
Civil Engineering” but “What makes and doesn't make a
killer app in Civil Engineering.” Forecasting is always a
tough art. Given the wide range of human activities, it is
even tougher to predict what tool will radically alter one
such activity. Retrospective appraisal is much easier: you
just need to evaluate what happened and attempt to trace
from causes to consequences. Furthermore, because of the
rarity of ‘killer apps’ generally, and in civil engineering
particularly, it is not possible to treat the subject in any
generic way; it can only be treated by evaluating exam-
ples and attempting to generalize from them.

This talk will examine two themes that took up a major
share of my professional concerns. One quickly devel-
oped into a ‘killer app’, perhaps not of the same scope as
spreadsheets, but making a significant change in one as-
pect of civil engineering” practice. The other, which actu-
ally occupied a much larger part of my working life,
never led to any kind of substantial change in the tools

! Definition from Wikipedia, another “killer app’

% Both of the themes covered deal with structural engineering
design activities. I follow US practice of treating structural
engineering as part of the broader profession of civil engi-
neering.

engineers use. I, and a few of my students, have often
wondered about this disparity. This talk gives me the op-
portunity for making a comparative evaluation between
them.

2 THEME 1: STRUCTURAL ANALYSIS

Setting #1: Fall 1961, University of Illinois.

I had defended my Ph. D. dissertation just before the se-
mester began and was wondering what to do next. Ex-
perimental structural dynamics, the topic of my disserta-
tion, held no interest. I had written a number of special-
ized frame analysis programs as a consultant and even
written a proposal to IBM for a general analysis program
but there was no response. Then I got hold of Professor
Charles Miller’s report on COGO (1). That was it! I wrote
Professor Miller, saying that I wanted to provide for
structural engineers what he had provided to surveyors: a
general problem-solving capability for the domain, in-
voked by terms that a professional in the field would use
in giving instructions to a colleague®. In short order,
Charlie Miller wrote back inviting me to MIT for the
1962 — 1963 academic year. With the concurrence of my
department head, Professor Nathan M. Newmark, 1 ac-
cepted the invitation and started to formulate ideas.

The basis

Structural analysis is used to determine the internal forces
and displacements in a structure due to applied loads or
other environmental effects by the application of equilib-
rium, continuity and constitutive laws. The field was in-
augurated by Galileo and has expanded ever since. Analy-

? Younger people need to be reminded that in that period, and
long after, commands, choices and decisions were invariably
communicated to programs coded as integers. Looking at the
echo-print of the output, a user could not determine what
commands, etc., he or she used without consulting the pro-
gram’s user manual. For example, in one of the most popular
finite element analysis programs, well into the 1980’s, the
user specified elastic analysis by setting the input parameter
ISOLV to 1.



sis has always been one of the most labor- and skill-
intensive aspects of structural design. Structural engineers
have compensated for this fact in many ways: designing
structures that were easy to analyze, e. g., statically de-
terminate beams and trusses that could be analyzed by
laws of equilibrium alone; embracing simplified analysis
methods, particularly graphic statics and Williot-Mohr
diagrams for determining forces and displacements, re-
spectively, in trusses; specialization, e. g., consulting
firms specializing in movable, arch or suspension bridges;
and developing approximate and iterative solution meth-
ods, such as moment distribution®.

The majority of existing matrix analysis programs at the
time was geared to very large problems in aerospace and
defense that required extremely large computing re-
sources. Thus, the NASA frame analysis program could
analyze very large structures for that time, of the order of
hundreds of nodes, using an IBM 7090 and twelve tape
drives for temporary storage. The trouble was that in or-
der to solve a three-bar truss the program still needed all
twelve tape drives. Very general matrix analysis programs
were also becoming available (3, 4). The chokepoint was
the amount of input: every matrix element had to be pre-
computed manually and keypunched separately. This was
judged to be the appropriate level of human - computer
interaction at the time”.

Smaller programs for the small computers of the time
were emerging, but they tended to be highly specialized®.
Many of these faithfully implemented existing methods
such as the slope-deflection method (2). These programs
also tended to contain idiosyncratic provisions particular
to the design office they originated from’; consequently,
program exchange among the civil engineering firms pio-
neering computer use at the time was more myth than
practice.

The run-up

As I prepared for our move to Cambridge, Massachusetts,
with my wife Norma and three small children, I thought
that I had identified all the principal requirements for the
tool I was to build:

When [ was an undergraduate in Civil Engineering in the
early 1950°s, our instructors repeatedly emphasized that our
employability in the field was going to be determined solely
by the speed with which we could do moment distribution.
Then called man-machine interaction; as late as 1967, a dis-
tinguished colleague insisted that entering the 36 elements of
a 6x6 transformation matrix from local to global coordinates
was the proper way for the user to define the relationship be-
tween the two coordinate systems.

The Illinois Highway Department, for example, had separate
programs for three- and four-span continuous girder bridges;
the department did not build other types of continuous
bridges.

The program I wrote in 1957 for the analysis and detailing of
reinforced concrete bridge piers set the maximum spacing of
stirrups in the columns to 12 inches, even in areas of low
shear. My supervisor insisted that this was necessary so that
ironworkers tying the reinforcing bars into cages could climb
up on the stirrups they had tied previously. With the adoption
of pre-tied rebar cages erected as units, this heuristic provi-
sion is no longer needed.

1.a problem-oriented textual input language patterned
after COGO

2.flexibility in problem size, so that the solution of small
problems would not be penalized by the program’s
capability of solving very large problems

3.complete generality in handling various framed struc-
ture types, e. g., frames or trusses and

4.complete generality of methods.

It did not occur to me that I may not have had all the
knowledge and tools at my disposal for accomplishing my
objectives. I soon found out that my knowledge was
sorely lacking, but I also found the source of the knowl-
edge I needed. The IBM sales representative at the Uni-
versity of Illinois arranged for me a faculty summer in-
ternship at the IBM Development Laboratory in Pough-
keepsie, New York, on the way to Cambridge. There I fell
under the tutelage of Dr. Frank H. Branin, Jr., an out-
standing mathematician as well as the author of ETABS,
an early general-purpose analyzer for RLC electrical net-
works. From the first half of his expertise I learned the
topological formulation of network analysis. Matching the
nodal method of network analysis to the stiffness method
of structural analysis (then also called the displacement
method) and thereby generalizing it took less than a week.
Matching the mesh method to the flexibility (force)
method took considerably longer, until I realized the con-
ceptual analogy between the spanning tree of a network
and the statically determinate primary structure® (5).
From the other half of Frank’s vast expertise, I learned
dynamic memory allocation and many other tools for de-
veloping large-scale programs.

The process

On arrival to MIT in September 1962, I quickly realized
that Charlie Miller was so engaged in his new position as
department head that any active collaboration with him
was out of the question. However, I met the partners
Charlie had selected for me. We found that we were very
compatible and we quickly made the task allocations that
held up for the year. I laid out the processing of the prob-
lem-oriented input’, the overall process for the stiffness
method, the provisions for the five structure types we
were to support (planar trusses, frames and grids and
space trusses and frames) and the dynamic memory allo-
cation scheme. Bob Logcher, a recent Ph. D. who was as
anxious to break new grounds as I was, undertook several
of the major system tasks, including the decoding of the
command language and the management of backup stor-
age. Ken Reinschmidt, an IBM graduate fellow in the
Computer Center eager to move up from being a user
consultant, undertook the bulk of the equation forming,
solution and back-substitution tasks within the dynamic
memory allocation environment. Leon Wang, another
graduate student, wrote the member-related routines. At
mid-year, we were joined by another fresh Ph. D., Sam P.

Younger people will wonder about the emphasis on the flexi-
bility method, now almost totally ignored — the explanation
will follow shortly.

Using the despised integer codes until Bob Logcher was ready
to map the user commands into them.



Mauch, who quickly became the chief debugger'®. My
wife Norma’s contribution was the program’s name: she
thought that the word STRESS had the proper ring to it;
mapping STRuctural Engineering System Solver to the
acronym was an evening’s effort.

We progressed remarkably fast, given the two to three
debug opportunities a day available at that time and the
fact that Charlie had asked me to teach a course both se-
mesters | was at MIT. Getting the dynamic memory allo-
cation working gave us the most satisfaction''. The over-
all program turned out to be quite different from COGO:
instead of being a command language with individually
executable commands (e. g., LOCATE POINT, ADJUST
TRAVERSE), it was a data description language (e. g.,
JOINT COORDINATES, MEMBER PROPERTIES)
with one “executable” command, SOLVE, at the end.

We felt that we had satisfied the first three requirements I
have set for myself. The fourth, complete generality of
methods was another story. The original STRESS had a
command, METHOD STIFFNESS, and I had expected
that many other methods (flexibility, moment distribution,
column analogy, method of joints, etc., etc.) would be
added in time. Chris Holley, my mentor at MIT, con-
vinced us that many of these methods were crutches of
the past and did not need to be perpetuated. Thus, stiff-
ness was the only method implemented and the command
itself was soon dropped'?.

We got many things right, but also some things wrong
and there were many things we just didn’t know about.
One bad decision was the choice of the notorious “B an-
gle” for fully defining the orientation of the member
cross-section in space. A significant flaw was that the
program assumed that only one member connected any
two joints, but did not check for this. This condition could
be detected, however, by the presence of large residuals
loads at joints that were supposed to be free to displace'.
Bandwidth or infill minimization, frontal solving, etc.,
etc. were all unknown at the time.

A glimpse of the future

In the spring of 1963 MIT embarked on Project MAC, an
early experiment in timesharing. Bob Logcher and I went
to see what this was about. When we asked what Project

19 Sam was so impatient with the slow FORTRAN compilers of
the day that he preferred to work with binary patches directly.
Unfortunately, he sometimes neglected to update the FOR-
TRAN source code to reflect the patches. For many years, the
most commonly used version of STRESS produced erroneous
results for sloping members connected to a support by a hinge
and carrying member loads. Although it was Sam who pro-
duced the original formulation (21), he never transcribed one
of his correction patches into the source code.

This was at least six years before the first paged memory
computer became available.

Everywhere but at the University of Illinois, where the ver-
sion of STRESS implemented in the Civil Engineering Sys-
tems Lab had a rule: “if userid = sjf then a missing METHOD
STIFFNESS command is a fatal error, else ignore its ab-
sence.”

The detection was made easy by my decision that when the
user requested PRINT REACTIONS, a full backsubstitution
was made and residuals at all joints were printed out.

MAC was going to be used for, Fred Corbato, the project
director, said it was for rapid debugging of programs that
could then run in the background. Bob and I looked at
each other as we walked out. In a week, Bob had an inter-
active version of STRESS running'*. That was our first
glimpse of the “second computer revolution” to come.

The outcome

My family and I returned to Illinois in the summer but I
was back in the fall to complete the editing of the manuals
(6, 7) and to conduct a week-long workshop on STRESS.
The reaction of the practitioners attending was most posi-
tive and the program’s fame began to spread rapidly. Bill
LeMessurier, a prominent Boston structural engineer'”,
described STRESS as a brilliant but patient graduate stu-
dent unstintingly executing any analysis task you posed.

The following year STRESS achieved the Wikipedia
definition of a ‘killer app.” IBM was marketing a new
small computer, the 1120, to the engineering community.
A number of engineering firms affiliated with the CEPA
(Civil Engineering Program Applications) user group said
that they would buy or lease the computer only if it sup-
ported STRESS. Thus was the IBM 1120 STRESS born '
and thus was a first generation of structural engineers
introduced to matrix structural analysis.

The legacy

By 1963, the MIT Civil Engineering Department had em-
barked on the ambitious ICES (Integrated Civil Engineer-
ing System) mega-project (8). Under Bob Logcher’s lead-
ership, STRESS metamorphosed into STRUDL (STRuc-
tural Design Language), with many notable additions,
expansions and generalizations (9). Some of these did not
survive beyond the MIT environment, among them an
elegant PRELIMINARY ANALYSIS capability'’. Even-
tually, STRUDL became just another finite element
analysis tool, and the geometric modeling and graphic
user interface capabilities of these tools have rendered the
problem-oriented textual input unnecessary.

Of the many experiences related to STRESS, I will briefly
relate two.

Around 1964, I received a request from Fazlur Khan to
assist the team at the architectural firm of Skidmore,
Owings and Merrill (SOM) in the analysis of the structure
that became the John Hancock Tower in Chicago. In his
writings, Fazlur always referred to my role as assisting in

' In fact, the interactive program was much simpler than the
batch one because the latter continued checking the input after
a fatal error was encountered in order to maximize the value
gained from each run.

15 Subsequently Bill gained considerable notoriety with his de-
sign and retrofit of the CityCorp building in New York.

1 IBM, of course, took the easy way out and adopted the pro-
gram written the previous summer by an MIT undergraduate,
Dick Goodman. On the small computer, dynamic allocation
was out: there was room only for three 6x6 matrices, all else
was done by bookkeeping. Unfortunately, the 1120 version
propagated the bug created by Sam Mauch’s impatience.

17 Eventually, the maintenance and updating of STRUDL de-
volved from MIT to Georgia Tech, under the leadership of
Leroy Emkin.



the design (10). I did no such thing. By the time I had
modified my version of STRESS to accept two-thirds of
the height of one quadrant of the building, Fazlur’s team
had proceeded through the design using a graded series of
increasingly more detailed two- and three-dimensional
models, so that the STRESS run was just a final verifica-
tion of the team’s design process. Approximately 20
members out of the more than 900 had to be resized as a
result of the STRESS space frame analysis. What made
the event memorable was that a prominent structural en-
gineer gave a speech in Chicago saying “Steve Fenves’
program says the tower will stand up, I say it will not.” I
knew that that engineer only had a space truss program to
back up his claim, but I could not get the SOM partners to
put up $600 to rerun the analysis as a space truss and ver-
ify the engineer’s claim'®.

In the early 1970’s, I received a letter from the Florida
state engineering licensing board. On the Professional
Engineer exam, candidates were presented with a one-
story one-bay frame and told to analyze it. One candidate
wrote out the STRESS input and stated that the results of
this provided the answer sought. The board wanted my
opinion on whether the candidate should be passed. I
wrote back that it depended on what they wanted to test
for: if they were only after concepts, the candidate’s reply
sufficed; if they wanted to test the candidate proficiency
in producing the results and, possibly, evaluating them for
reasonableness, then the candidate failed. I never received
a reply from the board.

In retrospect, I take a great deal of pride in what we ac-
complished and what our work fostered, even though we
did not receive any financial rewards from it. On the other
hand, it is sobering to reflect that my most significant
contribution to the profession was made when I was 32
years old.

3 THEME 2: STANDARDS PROCESSING

Setting #2: Summer 1965, National University of Mexico.

My family and I had gone to Mexico for the summer for
me to teach a couple courses at the National University
and to complete the manuscript of Computer Methods in
Civil Engineering (11). In preparing the book I could in-
clude many notable names in the chapters on numerical
methods: Newton (1642 — 1727), Lagrange (1736 —
1813), Gauss (1777 — 1855), etc., but there was a dearth
of precedents to present in the chapter on logical methods
I wanted to include. Then I got hold of a paper on tabular
decision logic, commonly referred to as decision tables
(12). That was it! It was a good first step towards model-
ing the often complex chain of reasoning in both engi-
neering and information processing. In my first paper on
the topic, I illustrated decision tables by modeling a small
set of provisions from the AISC Specification (13).

18 As an indication of the rapid progression of the state-of-art, a
few years later STRUDL could analyze the entire Sears
Tower as a unit without recourse to symmetry and superposi-
tion.

The basis

“Design according to the code” is a misunderstood, yet
frequently maligned process. Buildings must provide for
the life and safety of their occupants; since antiquity
building codes have been used as society’s policing
mechanism to that purpose'’. The term “building code”
itself is misunderstood, particularly in the U. S., where the
enactment and enforcement of the legally binding build-
ing codes are the responsibility of individual jurisdictions.
In the U. S., since the early part of the 20" century a
three-tier structure has evolved to assist the municipalities
in this task. First, standards development organizations,
often sponsored by professional societies, develop design
standards or design specifications for common materials
or building types®. Second, model code organizations
evaluate, edit and compile this information in the form of
model codes ready for adoption. Third, jurisdictions adopt
all or parts of the model codes, with or without local
amendments.

That is the legal aspect. The professional aspect, embod-
ied in the design standards and design specifications, is
much more interesting. In the dispersed and discontinuous
industry that civil engineers serve, there is little memory
within individual organizations. Here, the standards and
specifications serve essentially as the “collective mem-
ory” for the profession as a whole of what worked in the
past and, even more significantly, what has not worked?'.
The standards and specifications are also the primary out-
let of research in structural behavior. This role was most
convincingly argued by Chester P. Siess, a former chair-
man of the American Concrete Institute building code
committee, where he characterized research, standards
and practice as three node of a graph, with the major flow
of knowledge going from research into the standards and
hence affecting practice™ (14).

Thus, “design according to the code” means ascertaining
that (1) the requirements and limitations presented in the
design standards and specifications are applicable to the
structure or part being designed and (2) the applicable
provisions are satisfied by the design. The first, interest-
ing, part of this process is to select key requirements and
convert the inequalities to assignments of values to key
parameters. The second, manifestly dull, part is the proc-
essing of all other applicable requirements to ascertain
that they too are satisfied. The costly part is the discovery
that some requirements are violated, indicating that the
key requirements have not been properly chosen and that
the structure or part of it has to be redesigned, reanalyzed
and rechecked. The first part requires experience and ex-
pertise. The second part is much more routine, but in

1 The earliest building code, part of the 282 laws promulgated
by Hammurabi (ca. 1810 BCE — 1750 BCE), prescribed harsh
punishments to builders if their buildings’ collapse caused
deaths.

20 The initial design standards were vehemently denounced by
the leading engineers of the period as infringements on the
designers’ professional responsibility to their clients.

21 After every major disaster, natural or man-made, every af-
fected standards development organization empanels a group
of experts to identify flaws in their standards and recommend
remedies.

2 Following ACI practice, Siess uses the term building code to
mean design specification.



terms of total billable hours in a design office it is likely
to be of the same order of magnitude as analysis.

By the mid-1960’s, there were many small programs for
the design and partial standards conformance checking of
structural components. They all tended to be highly idio-
syncratic to the mode of operation of particular design
offices. Furthermore, they all relied on individual inter-
pretation of the governing standard’s provisions. Most
importantly, none of the standards development organiza-
tions had made any accommodations for the trend of in-
terpreting and coding the standards provisions into com-
puter programs.

The run-up

Unlike in the first scenario, I had no immediate plans for
further work in standards processing. However, my paper
came to the attention of Theodore (Ted) Higgins, the Di-
rector for Research of the American Institute of Steel
Construction (AISC). Ted invited me to attend a meeting
where several software vendors made proposals for an
“electronic version” of the then forthcoming 7™ Edition of
the AISC Specification. For me it was “déja vu all over:”
every potential vendor firm proposed to provide its own
engineering interpretation of the standard’s provisions
and to hard-code that interpretation into one or more
computer programs. There was no way for either AISC or
the user community to ascertain that the programs thus
crafted correctly and fully implemented the Specifica-
tion’s provisions.

After the meeting I made a counterproposal to AISC to:
(1) have us formally represent the AISC Specification
provisions in the form of decision tables; (2) have the
Committee on Specifications authenticate that the repre-
sentation is complete and correct; and then (3) let anyone
who wishes to do so, whether user or software vendor,
code programs from the formal representation. Ted Hig-
gins was greatly concerned that our analysis would reveal
overlaps, contradictions and omissions in the Specifica-
tion, but he saw the potential and was sufficiently in-
trigued to have AISC fund us for the first step.

The process

The project staff consisted of my senior colleague, Ed
Gaylord®, two graduate students and me. Our routine was
that the students would draft one or more decision tables
covering a provision, I would check these for logic and
consistency, and then we would jointly go to see Ed. Our
questions to him were invariably of the form: “Why is the
following combination of conditions not covered?” “Be-
cause we don’t do that!” was Ed’s immediate answer.
Then we asked whether that was because that combina-
tion was: (1) physically not realizable; (2) bad practice to
be discouraged; or (3) to be proscribed by the Specifica-
tion. Ed would provide the reasoning and we would fill in
the tables accordingly. Thus, slowly, we elucidated and
completed the individual decision tables and thereby sig-

2 Ed was a professor of the old school: a popular teacher, my
mentor when I started teaching, the author of a widely used
steel design textbook and a member of the AISC Committee
on Specifications; but he had not done research previously.

nificantly clarified the contents and scope of the Specifi-
cation. Ted Higgins’ concerns turned out to be un-
founded. We found very few overlaps, inconsistencies
and overt omissions; however, the boundaries of what
was covered and what was not were frequently not spelled
out precisely.

Linkages between tables representing related provisions
turned out to be cumbersome, therefore we recast all the
tables so that each table produced values for only one
variable, like a function, and we linked the tables into a
network, lower-level tables producing values for ingredi-
ents to higher-level tables. Because of the way that the
organization of the Specification evolved since its first
edition in 1924%, the linkages jumped haphazardly from
section to section. The recursive program we wrote that
executed the network frequently had to recurse six and at
times even eight levels deep® (15). Thus it became clear
that organization of the Specification was as much an
issue as the completeness of the individual provisions.

The outcome

The initial acceptance came about through a lucky coinci-
dence. When I was asked to present our work to the
Committee on Specifications, I brought along transparen-
cies of several of the tables. First I had to sit through a
committee meeting, where the committee debated how a
certain provision would be expanded. As I was given the
floor, I projected the decision table for the provision in
question, which I just happened to have with me, on the
screen. I showed how the committee’s discussion resulted
in one rule being split in two with an added condition,
producing two different actions. Then 1 asked whether
they were sure that this was the only rule affected by the
new condition. “Oh, yeah!” came the exclamation. The
committee went back into session and made another
change, previously overlooked. Our funding for a second
study was assured. But the idea of the committee authen-
ticating our representation never got off the ground, for
two reasons. One, we did not do a complete job: a lot of
textual, descriptive material in the Specification did not
lend itself to a decision table format and we simply ig-
nored it. Two, we presented to the committee a new rep-
resentation that was very different from the text they were
used to, and they were not ready to act on it.

A number of colleagues produced similar decision table
formulations for other standards. There is evidence that a
number of software developers used our formulation in
developing their applications®. The follow-up study
looked at ways that the Specification as a whole may be

?* In manual processing, this would be equivalent to interrupting
the processing of a provision, leaving a bookmark and pro-
ceeding to process the provision specifying a missing ingredi-
ent only to interrupt that, leaving a second bookmark, etc., un-
til one can return to the last bookmark, resume processing
there, etc., till at the end one could ascertain whether the ini-
tial provision is satisfied.

25 The first edition carried an endorsement from Herbert Hoo-
ver, then Secretary of Commerce.

26 There is also anecdotal evidence that after some lectures in
the graduate steel design course the students would check out
our report from the library in order to understand what the
lecture was about.



organized in a more logical fashion (16). Thus emerged
the eventual three-tier model of the Specification: (1)
trees of descriptors defining the organization; (2) data
networks for relating and sequencing interrelated re-
quirements and determinations; and (3) decision tables for
expressing individual requirements and determinations
(17, 18, 19).

The reorganization study recommended that a reorganiza-
tion of the Specification be undertaken only in conjunc-
tion with a major change in the design philosophy embod-
ied in the Specification. Such a change came about a few
years later with the introduction of the Load and Resis-
tance Factor Design (LRFD) philosophy and the accom-
panying rationalization of component behavior models.
We worked with the LRFD development team lead by
Ted Galambos, providing draft decision tables and sug-
gesting draft organizations. Upon completion, Galambos’
study was turned over to the AISC Committee on Specifi-
cations, which charged nine existing Task Committees
with converting the study into nine chapters of a new edi-
tion of the Specification. When the draft chapters came in,
there was pandemonium: the organization and style of
presentation of each chapter, reflecting the long history of
each Task Committee, was radically different. Eventually,
the committee appointed me as editor and, after many
iterations, a new, logically and consistently organized and
expressed LRFD Specification emerged?’.

There was one more attempt at an electronic version that
could be sanctioned by AISC, with Bill McGuire, another
senior member of the Committee on Specifications, as the
domain expert (20). The program development tools had
improved considerably. We produced an interactive ver-
sion to be used by the committee for editing and tracing
the consequences of proposed changes, a tutorial version
with affected conditions, rules and actions highlighted as
the reasoning progressed, and a production version gen-
erator which could compile user-selected sets of decision
tables into C™" code. Unfortunately, legal issues over in-
tellectual property prevented deployment of the tools.
Thus, the Committee on Specifications did not have to
make a decision on whether it would authenticate our
representation®.

The legacy

No ‘killer app’ emerged from this work, not even a con-
ventional application. The legacy is very small. True, a
well-crafted Specification emerged and survived several
major revisions. I am still chairing the Editorial Task
Committee of the AISC Committee on Specifications, and
just this year I received the AISC Lifetime Achievement
Award.

27 With thanks to Kincho Law for producing the various itera-
tions on an unreliable daisy-wheel printer.

B My sense, unsubstantiated, is that many members of the
Committee would have extensively exercised the tutorial ver-
sion, but that the Committee as a whole would still not have
provided an endorsement.

4 COMPARISON AND CONCLUSION

I have often wondered about the reasons for the discrep-
ancy between the two narratives above, but I still do not
have a clear answer. As I said, the amount of time de-
voted to the two processes in a design office is of the
same order of magnitude. However, one used to be the
reserved province of highly esteemed analysts. Analysis
programs that followed STRESS have democratized the
profession, largely reducing the specialization factor
among offices as well as among engineers within these
offices, while at the same time enabling engineers to
model structural behavior much more extensively than the
linear behavior model in the original STRESS formula-
tion®’. The second process was and still is much more
dispersed within structural engineering practice, and there
are far fewer identifiable experts.

A second factor may be related to the structural engi-
neers’ education. From their sophomore year on, students
know the difference between design and analysis. Fur-
thermore, by their junior year most of them also “know”
that they don’t like analysis. Even though analysis courses
have completely changed from teaching approximate
methods to the current formal ones, students avoid doing
either kind of analysis as much as possible and are only
pleased to relegate this work to a machine. In contrast,
design courses tend to concentrate on global measures of
structural behavior and may cover standards processing
only in a tangential fashion. It may be that students don’t
get a chance to discover that they don’t like standards
processing.

Finally, I believe that the distinction has to do with the
formalism of the subject or, more precisely, the degree to
which the subject can be formalized. The early days of
computer analysis gave rise to the discipline of computa-
tional mechanics, just as the early days of computer
graphics gave rise to computational geometry and the
early file manipulation programs to database theory. The
processing of standards, by contrast, is rooted in the
highly empirical world of observations of what has
worked and what has not. Even with the current move
towards performance-based standards, the subject does
not have the formalism or rigor that has, so far, made it a
discipline™.

To the dreamers who wish to parlay their engineering
research into the next ‘killer app’ I have a simple advice:
unless your research creates or contributes to a solid sci-
ence-based discipline, you have no reason to expect that it
will result in a ‘killer app.” In this respect, engineering
seems to be different from data processing and entertain-
ment, where such a precondition does not seem to be pre-
sent.

* The best accolade I ever received came from a senior col-
league some years ago, when suddenly at a formal dinner he
asked me what I would like to see written on my epitaph. I
said that [ had no idea, and asked him what epitaph he would
write. He responded “You have made the cost of analysis
immaterial in making design decisions.” I gratefully accepted
that.

3% T am an Honorary Member of the Executive Council of the
International Association for Computational Mechanics; there
is no comparable organization or honor in standards process-
ing.
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PRODUCT MODEL BASED COLLABORATION

R. J. Scherer

Technische Universitit Dresden, Institute of Construction Informatics, Dresden, Germany

ABSTRACT: In collaborative design, we can distinguish between synchronous and asynchronous methods of collabora-
tive working. Both are important and complementary in AEC. We will show that an explicit product model and a multi-
layered system, with components linked together by an information logistics system, are the necessary prerequisites to
effectively tackle the complexity of the information flow for asynchronous collaborative working. The information flow
requires well-grounded model-based coordination to enable transparent and guided discussion and decision-making
processes. The corresponding product model management services are identified and discussed. These are (1) model
view extraction, (2) mapping to design specific models, (3) backward mapping after the design session, (4) identifica-
tion of design changes through matching, (5) reintegration of extracted and changed models and (6) merging of the

mutual design changes and identification of conflicts.

1 INTRODUCTION

Collaboration can be supported by methods to improve
the exchange of information, the communication, or the
coordination of two or more persons cooperating in intra-
or inter-enterprise teams. Collaboration is goal-oriented
and hence the coordination of activities and intentions of
all persons involved is the main objective of the support-
ing actions. This includes also tracking the fulfilment of
past activities and the conflicts arising from them. Hence,
conflict management is an important issue of collabora-
tive work (Scherer et al 1997).

In the past, collaboration support was mainly focused on
the improvement of communication including multi-
media representation forms, like video-conferencing,
drawings, virtual reality and diagrams and complemented
through coordinated formalized common workflows. Un-
til recently, the retrieval of the right information, the set-
up and continuous adaptation of the workflow according
to the evolving work process and in particular to the work
content had to be done by the persons themselves through
interpretation of the communicated information. This was
not only time-consuming but also led to misinterpreta-
tions (i.e. different interpretations due to the different
perceptions of the involved persons), and often resulted in
bad coordination or even discoordination.

Product models available today provide the advantage to
better evaluate the contents of the collaboration issue and
thereby deduce various coordination-related supportive
means. They provide for representing the information
content in a formalized way, which allows the computer
(program) to interpret properly the information (avoiding
different interpretation by different programs), to reason
about it by logic or by algorithmic reasoning methods,
and to activate related workflow patterns. Since nowadays
product models are well developed and applied in various
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domains of design but they are in a very early stage with
regard to the production process and in a similar, slightly
more advanced state in the domain of facilities manage-
ment (IAI 2006), we will concentrate our further consid-
erations on the design domain.

2 COLLABORATIVE TEAMWORK

In distributed teamwork, we have to distinguish between
two main ways of collaborative working, namely(Scherer
2004):

- synchronous collaborative teamwork, and

- asynchronous collaborative teamwork.

Synchronous collaborative teamwork means that all
members of a team are working on the same product at
the same time and exchanging their expert knowledge
simultaneously for problem solving. This is a relatively
rare case in AEC practice. Such collaborative work is
mostly employed to search for a new innovative design
solution or for the solution of very complex problems.
The complexity of a design problem and/or the degree of
novelty calls for personal communication, discussion and
inspiration among the team members. Communication
happens in the “human world”.

Asynchronous collaborative work means that expert
knowledge from all team members is necessary and they
may work at the same time on the some product compo-
nent, but it is sufficient that they provide their contribu-
tions without direct and immediate communication with
other team members. Communication can occur via com-
puter in a formalized way, by exchanging ideas and sug-
gestions such as the inherent knowledge in written,
graphical and multi-media representation, or nowadays in
product model data form. When communication takes



place asynchronously in the “computer world”, it does not
necessarily mean that the team members do not inspire
each other but that inspiration may happen on a lower
level than by synchronous working. Asynchronous work-
ing is sufficient for most routine design tasks, which is the
bulk of design work carried out in the AEC domain. Usu-
ally, the design process in AEC requires that different
experts develop their work in parallel but independently,
using roundtable meetings at specific discrete points in
time to coordinate their work as illustrated in Fig. 2.1
(Scherer 1997 et al, Katranuschkov 2001). Today such
round-table meetings are carried out as physical meetings
or as video conferences. The latter only works satisfacto-
rily if minor technical problems have to be solved.

Asynchronous collaborative teamwork provides an envi-
ronment that enables concentrated and efficient work of
all team members. It protects team members from perma-
nent communication requests so that every designer con-
centrates on his/her own specific tasks but at the same
time will be informed and keeps track of others’ solutions
and informs the others about his/her decisions in a timely
fashion, individually deciding upon when and how to
spend time on keeping track. The shortcoming of asyn-
chronous teamwork is that the coordination between the
coordination points is weak. Hence, that coordination has
to be done more often and preferably all designers should
take part in it. A requirement that often can not be ful-
filled on such a quality level.

The main difference between synchronous and asynchro-
nous work is that in the first case communication among
team members takes place predominantly in the “human
communication world” whereas in the second case it oc-
curs in the “computer communication world”, via infor-
mation and knowledge represented in semantically highly
structured data, as provided by product models. Modern
computer communication is understood as the representa-
tion of information and knowledge in data structures on
high semantic level, and not as the application of com-
puters and networks transferring only low-structured text
and multi-media data, or even pixel files. The goal is to
increase the quality of the computer-communicated in-
formation, its expressiveness and its granularity, and
hence the retrieval of the actually needed information
pieces. Computer communication does not require the
experts to communicate with each other at the same time
because the information content is now stored and can be
retrieved — repeatedly — later on, with any appropriate
time-shift by each team member depending on his/her
specific needs to share knowledge and data. Therefore,
computer communication can be considered a one-sided
communication on demand.

However, communication and coordination via computer
is only one of the two major aspects that are necessary to
make asynchronous collaborative working happen. The
second aspect is the management of the time-stretched
discussion process. This can be carried out manually, in a
very time-consuming way by a person, e.g. the team
leader, or with the help of organizational collaboration
tools supporting him. Such tools can remarkably reduce
the organizational workload on the team leader and at the
same time minimise errors that might occur by overlook-
ing or misunderstanding something. They will also reduce
the workload on every team member who searches for the
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information required to make his contributions to the right
problems at the right time. Common teamwork or discus-
sion panel tools can be beneficially applied and are al-
ready widely used in practice (Schulz 1996, Weisberg
2001). However, the development of specific tools for
AEC based upon a common conflict management system
as outlined below has the potential to enhance strongly
collaboration as such tools can be tailored to the specific
culture of the domain.
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Figure 2.1. Asynchronous collaborative teamwork with manda-
tory coordination points.

3 THE COORDINATION PROCESS

The collaboration processes can be described by coordi-
nation scenarios. Fig. 2.1 shows the standard coordination
scenario with common coordination points that are man-
datory for all. It is typical for today’s roundtable meetings
where all accumulated conflicts and open issues are dis-
cussed and solved at once, or at least solutions and dead-
lines are agreed upon. This means that conflicts have to
be managed explicitly by the team members — individu-
ally, or by a central responsible person, the project man-
ager or a specialised conflict or risk manager. The latter
was practised e.g. by the British Airport Authority (BAA)
for the design and construction of the fast subway connec-
tion from Heathrow Airport to central London as well as
for Terminal V of Heathrow Airport (John Gill 1998,
2002). Basically, conflict management is performed with
the help of evolving to-do lists, or in a more elaborated
form by risk lists (open issues) and contingency plans
(solution strategies expressed by a workflow containing
the first tasks at least), using paper, spread sheets or spe-
cialised data management systems (Fig. 3.1). In all cases,
the cognitive work is solely done by humans. However, if
the computer were able to understand and reason about
the content, valuable parts of this work could be taken
over by the computer, namely the definition of problems,
the set-up of solution workflows — but not the solution
content —, and the management of the solution workflow.

common
data model

conflict

retrieval

Figure 3.1. Complementing the common data model with a con-
flict management system.



This demands a workflow system, a conflict repository
and a conflict management system. With these three IT
components, we would be able to disband the constraints
of common mandatory coordination points, substituting
them by more flexible coordination lines aligned with the
evolving model data (Fig. 3.2), and the product model
will become the basis of a real building information man-
agement system. In such a system, coordination will be
individualized. Each team member can decide upon when
and what he wants to coordinate with the help of the sys-
tem and hence, via the system, with all other team mem-
bers over time-stretched coordination lines.

NI I

Figure 3.2. Disbanding common to individual co-ordination
points thanks to the conflict management system.

Going more into detail and taking into account more seri-
ous and complex conflict problems that may be not solv-
able solely by formalized information exchange, we will
finally come up with the coordination scenario shown in
Fig. 3.3 where mandatory coordination points still exist
but with considerably longer time spans between them in
comparison to the traditional scenario from Fig. 3.1. They
are introduced to consolidate the common data model and
in addition to benefit from eye-to-eye communication, i.e.
synchronous collaboration on demand. Between these
coordination points, non eye-to-eye collaboration proce-
dures of asynchronous working are applied to benefit
from the individualized coordination process, where sce-
narios for individual work and close teamwork are shown.

Individual work

Global
Coordination point

Team work

Figure 3.3. Hybrid local and global co-ordination points accord-
ing to the kind of working (conflict system avoided for conven-
ience).

4 COORDINATION SUPPORT

From the scenarios above (Fig. 3.1 — Fig. 3.3) the re-
quirements on the product model and the coordination
supporting IT services can be drawn. The first supporting
service would be to provide the designer with the infor-
mation of all his design modifications he has to inform
other designers about, and to classify them into (1) prob-
lematic modifications and (2) normal modifications that
have just to be approved. Both these are conflicts, but the
first ones are identified as expected conflicts, whereas the
second are only potential conflicts. They have to be re-
corded in a checklist or, as suggested above, in a conflict
repository. Until today this has to be done by hand, which
is a highly time-consuming task. Therefore, the designer
usually prefers to draw all his modifications in a separate
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file, which is then sent either to all other designers for
approval or to the design team coordinator, typically the
architect, who does the approval on behalf of the other
designers and only requests additional approvals from
them on demand.

This task may be taken over by one or several computer
services. These services must first find out all modifica-
tion done in a design session. Secondly, they have to clas-
sify the design modifications into three classes, namely
the two above-mentioned classes “for approval”, and an
“approval free” class. The latter comprises design modifi-
cations that are only in the responsibility of the designer
himself. This is the case for instance by the design of the
reinforcement in a RC element. A further support would
be, if not all modifications for approval have to be sent to
everybody, but are classified according to the designers
who have to approve the modifications. This would be
also very helpful in the case when a design coordinator is
doing the approvals on behalf of the other designers, in
order to reduce error or avoid overlooking something.
Precise checklists can be very helpful here as well, reduc-
ing errors to zero and reducing time for the check.

In cases when more than one designer has to approve a
design modification, a workflow must be set up. How-
ever, even in the case of one designer there is already a
workflow, namely with the one worktask “approval”.
When a real conflict occurs, i.e. when the approval is not
positive and the design modification is rejected, a conflict
procedure has to be set up. This is a workflow containing
at least one worktask for the original designer with the
request of a design change, complemented with a change
proposal. It is conceivable that several cycles of proposals
and approvals may follow that cannot be all defined in
advance, but are evolving, i.e. we do have an evolving
workflow. It is also a recursive workflow that has to be
monitored by the design coordinator to ensure that it
comes to an end. Each design modification to be ap-
proved by another designer is a potential design conflict,
and due to its recursive, non-foreseeable duration, it is a
potential risk for the design process as well. Therefore, it
is reasonable to handle serious design conflicts as design
risks. This kind of working has been proven by BAA for
the fast subway connection (Gill 1998) and the Terminal
V of the Heathrow Airport (Gill 2002). Such risks may
influence the overall workflow seriously. Therefore, the
monitoring of design risks and the optimal merging of the
related consecutive workflows in the overall design proc-
ess have to be supported by appropriate risk management
methods as we develop in an ongoing research project
(Sharmak et al. 2007).

In the last years, we developed a procedure that does not
require a separate approval file but merges the modifica-
tions directly in the common product model (Weise
20006). This strategy was selected in order to (1) circum-
vent locking of parts of the model during a check-out, i.e.
during a so-called long transaction, and (2) avoid dead-
locks due to not having a valid product model or diverg-
ing evolving conflicts. Thereby it is important that there
exists only one common model, which is binding for all
designers and which is complemented by a separate con-
flict repository that contains the above-defined conflicts
resulting from parallel working and design alternatives,
here also formulated as conflicts. Thus, each designer has



a sound ground and can individually inform himself about
open design issues, i.e. open conflicts and design alterna-
tives, stored in the conflict repository.

However, a consistent common data model cannot be
achieved by simply checking-in the modified shared
model data that was checked out and modified by the de-
signer for and during his design session. At first changes
of the data has to be classified in (1) design modifications
and (2) alterations done by the design tools. The latter has
to be taken into account because it would not be possible
to implement totally error-free product model interfaces.
An interface is not only the technical implementation of
the product model classes but contains also a model map-
ping from the external (common) data model to the inter-
nal one. Even if external and internal models are based on
the same data schema, they may show different versions.
Therefore, the service has to identify design tool altera-
tions and correct them. These automatic corrections have
to be shown to the designer for approval (Fig. 4.1, top
level).
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Figure 4.1. Visual inspection cycles in the context of model
merging.

The approved design modifications are merged in the
common data model in the next step. In order to achieve
consistency, several modifications are necessary (1) due
to the propagation of design modification into the com-
mon model, and (2) due to the fact that the common
model was modified several times by other designers
since the check-out, as indicated in Fig. 3.2. All automati-
cally generated modifications done to achieve consistency
and all open conflicts where a unique solution can be
generated have to be presented to the designer for ap-
proval, or for finding an alternative solution. This can
lead to approval cycles as indicated by the lower level on
Fig. 4.1, before the modified data set is merged in the
common product model and the remaining conflicts are
stored in the conflict repository.

5 PRODUCT MODEL MANAGEMENT METHODS

Product data management has to provide several impor-
tant functions for cooperative work as discussed in the
previous chapter. Their availability and quality is essen-
tial for the value of collaborative working because they
should warrant the consistency of the data for the typical
long transactions in AEC without data locks. Thus, we
have to deal with check-out/check-in cycles where the
same data can be modified asynchronously and in paral-
lel, changes have to be properly tracked and managed,
and users have to be notified in accordance with their
roles. Such functions must also be appropriately synchro-
nised with other information management services, e.g.
organised around a dedicated project portal. We argue
that they may be provided by one or more third-party
vendors as web services and may not be tightly integrated
with any particular Model Server. Thus, instead of devel-
oping a new mode-based project environment we aim to
provide these functions as a set of basic product data
management services.
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Figure 5.1. Generalised cooperation scenario to support long
transactions.

Each design session, starting with a check-out activity and
ending with a check-in activity comprises up to 6 func-
tions including the coordination step with the other de-
signers (Scherer et al 1997b). They correspond to the 7
activities of the generalized cooperation scenario shown
on Fig. 5.1, except for activity 3, which is the design
modification carried out by the designer with his special-
ised design tool.

1. Model view extraction:
Ms; = extractView (M; , viewDef (M;))

2.Mapping of the model view Ms; to the discipline-
specific, in most cases proprietary model S;, which is
an instantiation of the data model S:
S; = map (Ms; , mappingDef (M, S))

3. Modification by the user of S; to S;; via some legacy
application, which can be expressed abstractly as:
Si+1 = userModify (S;, useApplication (A , S;))

4.Backward mapping of Si.| to M, i.€.:
Ms;;; = map (Si+1, mappingDef (S , M))

5.Matching of Msi and Msi+1 to find the differences:
AMSHU = match (MSi , MSiH)

6. Reintegration of AMs;,,; into the model:
M;., = reintegrate (M; , AMs;,, ;)

7.Merging of the final consistent model M;,; with the
data of other users that may concurrently have
changed the model, to obtain a new stable model state,
ie.
Mi;. = merge (Mii1, Misa, ... , Miw),
with k = the number of concurrently changed checked
out models.

The essence of these functions is shortly explained in the
following sections. They can be offered by a product data
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management system or as dedicated services, which can
be flexibly orchestrated and integrated into existing col-
laboration systems such as today’s Web-based project
environments.

5.1 Model view extraction

Model View Extraction is the first step in the generalized
collaboration scenario shown on Fig. 5.1. To be usefully
applied, a model view should (1) be easily definable with
as few as possible formal statements, (2) allow for ade-
quate (run-time) flexibility on instance and attribute level
and (3) provide adequate constructs for subsequent rein-
tegration of the data into the originating model. To meet
these requirements, a Generalised Model Subset Defini-
tion Schema (GMSD) has been developed (Weise et. al.
2003). It is a neutral definition format for EXPRESS-
based models comprised of two subparts, which are al-
most independent of each other with regard to the data but
are strongly inter-related in the overall process. These two
parts are: (1) object selection, and (2) view definition. The
first is purely focused on the selection of object instances,
such as all objects belonging to storey 2 using set theory
as baseline. The second is intended for post-processing
(filtering, projection, folding) of the selected data in ac-
cordance with the specific partial model view, such as
only class column and only attribute height. Fig. 5.2
shows the top-level entities of the GMSD schema and
illustrates the envisaged method of its use in a run-time
model server environment. More details on GMSD are
provided in (Weise et al. 2003) and (Weise 2006), along
with references to other related efforts such as the PMQL
language developed by Adachi (Adachi 2002).
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Figure 5.2. Top-level entities of the GMSD schema (left) and its
principal use in a model server environment (right).

5.2 Model mapping

Model Mapping is needed by the transformation of the
data from one model schema to another. Typically, this
would happen in the transition from/to an agreed shared
model or model view to/from the proprietary model of the
application the user works with (Figure 5.1). The overall
mapping process consists of four steps: (1) Detection of
schema overlaps, (2) Detection of inter-schema conflicts,
(3) Definition of the inter-schema correspondences with
the help of formal mapping specifications, and (4) Use of
appropriate mapping methods for the actual trans-
formations on entity instance level at run-time.

Mapping patterns allow understanding the mapping task
better and to formalize what and how has to be mapped in
each particular case. By examining the theoretical back-
ground of object-oriented modelling the following types
of mapping patterns can be identified: (1) Unconditional
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class level mapping patterns, depicting the most general
high-level mappings, (2) Conditional instance level map-
ping patterns, including logical conditions to select the set
of instances to map from the full set of instances in the
source model, and (3) Attribute level mapping patterns,
specifying how an attribute with a given data type should
be mapped. For each of these categories, several sub-
cases have been identified in (Katranuschkov 2001). Ex-
amples on attribute level include simple equivalence, set
equivalence, functional equivalence, transitive mapping,
inverse transitive mapping, functional generative map-
ping, and so on.

All mapping patterns can be defined by means of the de-
veloped formal mapping language CSML (Katranuschkov
2001) or by another suitable specification language such
as VML (Amor 1997). Performing the mappings is typi-
cally done with the help of a Mapping Engine. In general,
this is a difficult task but there exist several known sup-
port tools that can be drawn up to tackle the issue (Katra-
nuschkov 2001, Weise et al. 2004).

5.3 User modifications on the model view

User modifications on the model view can hardly be ac-
complished as reusable generic services. They represent
an essential part of the actual value-adding work of each
designer in the development and iterative detailing of the
design solution. With common software tools the user
works on his sub model and makes changes in that model
in accordance to his field of activity, e.g. on the architec-
ture or the HVAC systems of the designed building. This
work often leads to inconsistencies between the separate
used model views, especially if two or more users make
parallel changes to the design.

Whilst this subtask of the overall cooperation process
cannot be supported by any generic product data man-
agement methods, it can be well aligned in the scenario
and consequently its integration with the other services
can be generalised within a common framework.

5.4 Backward mapping

Backward mapping is needed to translate the application
data representing the changed design state back into the
data schema of the shared model in order to create a new
model view that can then be matched with its initial ver-
sion created in the first step of the cooperative work proc-
ess, i.e. Model View extraction (Fig. 5.1).

In principle, there is no difference between this step and
the forward mapping outlined in section 5.2 above. Some
mapping languages as e.g. CSML require for that step a
separate mapping specification whereas others, such as
VML, claim to be capable of directly specifying bi-
directional mapping. However, in both cases the mapping
process is basically the same. It requires the same map-
ping tools and has the same position in the overall sce-
nario. Moreover, the same mapping service can be used
for both the forward and the backward mapping tasks.

If not an explicit mapping to/from the specific design
model is made but an implicit one, encapsulated in the
design tool, a model normalization has to be carried out
(Weise 2006) in order to flatten the alteration of the de-



sign tool and to prepare the shared data model for match-
ing.

5.5 Model matching

Model matching has to deal with the identification of the
changes made by the user in his design session with the
help of one or more design tools (Fig 5.1). This may be
done by a dedicated client application but a much more
natural implementation is a server-side procedure.

In our approach, matching exploits the object structure
without considering its semantic meaning (Weise et al.
2004). Hence, it can be applied to different data models
and different engineering tasks. It does not require nor
involve specific engineering knowledge.

Comparison of the model data of the old and new model
versions begins with the identification of pairs of poten-
tially matching objects, established by using their unique
identifiers or some other key value. However, identifiers
may not always be available for all objects due to short-
comings in the data model, e.g. most of the resource ob-
jects in IFC do not have identifiers or the identifiers are
not properly implemented in IFC interfaces. Such uniden-
tifiable objects may be shared via references from differ-
ent identifiable objects. The general complexity of this
problem is shown in (Spinner 1989) where a fully generic
tree-matching algorithm is shown to be NP-complete.
Therefore, we have developed a pragmatic algorithm that
provides a simple scalable way for finding matching data
objects. Its essence is in the iterative generation of corre-
sponding object pairs by evaluating equivalent references
of already validated object pairs. The first set of valid
object pairs is built by unambiguously definable object
pairs. Any new found object pair is then validated in a
following iteration cycle, depending on its weighting fac-
tor derived from the type of the reference responsible for
its creation. Attribute values are only used if ambiguities
of aggregated references do not allow the generation of
new object pairs. To avoid costly evaluation of attribute
values a hash code is used indicating identical references.
In this way, the pairwise comparison of objects can be
significantly reduced.

Fig. 5.3 illustrates the outlined procedure. Before starting
any comparison of objects the set VP of validated object
pairs and the set UO of unidentifiable objects are initially
created using available unique identifiers. After that, the
object pairs of VP are compared as shown on the right
side of the figure for {Al, A2}. Using their equivalent
references has_material, a new object pair can be as-

sumed for the objects E1 and G2 of UO.

VP = validated
object pairs

U0 = unidentifiable
objects

AP = assumed object
pairs

uo

W

= weigthing factor

Figure 5.3. Schematic presentation of the model mapping proc-
ess.
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A weighting factor indicating the quality of this assump-
tion is then applied according to the reference type of
has_material and added to the newly created object pair,
which is then placed in the set AP containing all such
derived matching pairs. After comparison of all object
pairs of VP, the highest weighted object pairs of AP are
moved from AP (and UO) to VP and a new iteration cycle
is started. Now the weighting factors of the new created
object pairs can be combined with the weighting factors
of already validated object pairs from which they have
been deduced, thereby allowing for a global ordering.
More details on the developed algorithm along with an
overview of related efforts are provided in (Weise 2006).

5.6 Model re-integration

Reintegration of the changed model data is always neces-
sary when model views are used, as shown in the general-
ized collaboration scenario in Fig. 5.4. Model view ex-
traction creates a model view by removing data objects,
cutting off or reducing references, filtering attributes etc.
Reintegration means to invert the process, i.e. to add in a
consistent way removed data objects, restore cut-off or
reduced references and re-create filtered out attributes
considering all related design changes. In other words, the
design changes altering cut-off parts of the product model
have to be propagated into the common model. This de-
mands automatic adaption and propagation of design
changes, which have to be approved by the designer (Fig.
4.1) This is strongly dependent on the model view defini-
tion achieved via GMSD, the results of the model com-
parison and the adopted version management.

Figure 5.4 illustrates the reintegration process on an ex-
ample, assuming that by applying a GMSD-based ex-
tractView(') operation to a given model some objects and
attributes will be removed. For object O1 this results in a
new version OS1 in which the simple reference ‘a’ is re-
moved and the aggregated reference ‘b’ is downsized by
one element. This object is then modified externally by
some user application to OS2 which differs from OS1 in
the aggregated reference ‘b’, downsized by another ele-
ment, and the simple references ‘c’ and ‘d’. The reintegra-
tion process adds all objects and attributes from O1 that
have been removed according to the model view defini-
tion. In this particular case, this will recreate the
cut/downsized references ‘a’ and ‘b’. However, it will
take care not to add objects/attributes that have been
modified by the used application.

create

reintegration

user

subset modify

Figure 5.4. Example of the re-integration process.

Whilst this procedure is quite clear and more or less the
same for various different scenarios, there exist several
detailed problems that have to be dealt with. They can be
sub-divided into: (1) structural problems (1:m version
relationships for reference attributes, n:1 version relation-
ships, change of the object type in a version relationship),
and (2) semantic problems. The latter cannot be resolved



solely by generic server-side procedures but require do-
main knowledge and respective user interaction. They
occur typically when a change to a model view requires
propagation of changes to another part of the overall
model in order to restore consistency. In such cases, data
consistency must be evaluated by all involved actors dur-
ing a final merging process (Weise et al 2004; Weise
2006).

5.7 Model merging

Model Merging has to deal with the consistency of con-
currently changed data that exist in two or more shared
models. It should be performed at a commonly agreed
coordination point in cooperation of all involved users in
order to reduce complexity. The aim is to provide a pro-
cedure by which modifications can be reconciled and ap-
propriately adjusted to a consistent new model state,
marking the beginning of a new collaboration cycle.

The method developed (Weise 2006) is based on a com-
monly agreed data model M; as shown in Fig. 5.3. All
changes carried out by the participating designers are rep-
resented as delta values. Conflicts on attribute, object and
object topology levels are resolved in an automatic way
based upon predefined rules, such as (1) an object is de-
leted if it was deleted by all designers, (2) an object is
deleted if it was deleted by one designer and no other de-
signer changed it in any way, (3) an object that was
changed by only one designer and not modified by any
other designer is integrated with these changes, (4) if an
object is changed by two designers, all the attributes
changed are integrated.

It is obvious that a commonly acceptable data model can-
not be achieved automatically. Hence alterations that are
not in line with a designer’s intention hold potential con-
flicts and need inspection cycles as outlined in Fig. 4.1.
Remaining conflicts have to be stored in the conflict re-
pository and resolved later on in collaborative workflows.
Not all designers need to be involved for all conflicts but
based upon resolution workflows, their authorization and
the modifications they have carried out, the conflict set
can be portioned into sub-sets of mutually involved 2, 3
and so on designers. Starting phase of these evolving
workflows can be automatically set up and propagated to
the individual work lists of each designer. In the scenario
sketched in Fig. 5.3, designer A and B had carried out
currently design modification. However due to authoriza-
tion demands designer T has to be involved in the co-
ordination process, here solved through a pre-merging
step.

M,

My a M.,

upon agreement

Designer T b A, S and T

X7,

Designer S

Figure 5.5. Schematic presentation of the model merging proc-
ess.
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6 ARCHITECTURE OF A COLLABORATION SYS-
TEM

In the previous chapter, we identified various basic meth-
ods that are needed for efficient product model based col-
laboration. These methods can be best implemented in the
form of sofiware services, exploiting the flexibility,
adaptability and extensibility of the modern Service-
Oriented Architecture (SOA) approach, in the spirit of a
model-based IT environment (Carter 2007). App-
ropriately orchestrated, the services can be used for a va-
riety of complex AEC tasks, especially in conjunction
with the IDM approach of using Building Information
Models (Wix 2005).

Various platform configurations can be envisaged for the
realisation of such orchestration and coherent service use
— from low-level “classical” client-server architectures
(Scherer 1995) with their typical bottleneck problems to
dedicated multi-server systems (Scherer 1998), project
portals (Scherer 2000, Katranuschkov 2001), P2P sys-
tems, and modern Grid-based architectures at the high
end. However, due to the nature of construction projects,
typically performed by ad hoc created virtual organisa-
tions, the Grid-based approach is considered the one pro-
viding greatest benefits (Turk et al. 2006). Fig. 6.1 below
shows the suggested principal architecture of a grid-based
service-oriented platform. It is comprised of four layers to
which an external client application layer is “plugged in”
at the front end, and an external data storage layer is inter-
linked at the back end.

In principle, it should be possible to plug in any kind of
client applications to the platform using one and the same
approach. However, greatest advantages and most consis-
tent integrated use of the collaboration services can be
achieved by using a Workflow or Process Management
Client that provides for direct goal-oriented support of the
discussed collaboration scenarios. The principal function-
ality of such a client is outlined in the next chapter.
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Figure 6.1. Principal System Architecture.

“Plugging-in” of all external applications to the platform
is realised with the help of the services on the Generic
Application Services Layer, which act as proxies to the
external applications, thereby enabling their interoperabil-
ity with the “deeper” platform services via high-level
WSDL-based interfaces.

The Middleware Service Layer ensures the basic operabil-
ity of the platform by a set of services ensuring the ade-
quate use of the underlying Grid technology, based e.g.



on Globus or Unicore. Via these services, the connection
of the client applications to the layer of (distributed) core
semantic services of the platform can be established and
efficiently managed. These Core Services include in par-
ticular the product model management methods described
in Chapter 5, but can also be extended by dedicated
document management, process management and espe-
cially conflict management services (Gehre et al 2007).
They are responsible for the proper management, interpre-
tation and processing of the shared project data on the
Project Data Storage Layer, as well as for their external
links to further data sources such as regulations, best
practice cases and templates, local organisational knowl-
edge bases etc.

This stepwise delegation of tasks between the service
layers considerably reduces the complexity of the overall
platform and improves its manageability, maintainability
and extensibility. However, this alone is not sufficient for
achievement of adequate semantic interoperability as re-
quired by any more sophisticated data management meth-
ods. For that purpose, a high level, environment wide
process-centred ontology framework encompassing all
entities of the IT system is suggested. It can provide the
necessary semantic proxies of the entities in the “real”
AEC environment, which allows to capture semantic
meta-data about all “things” in the environment in a co-
herent way, and appropriately delegate detailed process-
ing tasks to the specialised collaboration services using
high-level concepts defined e.g. in the OWL language and
communicated via WSDL interfaces, SPARQL queries or
other suitable methods (Gehre et al. 2007).

A successful prototype of such process-centred environ-
ment ontology has been realised recently in the EU pro-
ject InteliGrid (Gehre et al. 2006, Gehre et al. 2007).

7 WORKFLOW MANAGEMENT SYSTEM

For an efficient error-prone quality-controlled design
process, the work of the members of a distributed virtual
team must be organized in terms of worktasks (Wasser-
fuhr & Scherer 1997). Worktasks are globally identifiable
(like other objects of the environment) and linked to actor
roles (e.g. architect, structural engineer, etc.), to the re-
quired input (documents, product data), to the expected or
delivered output (documents/views of the product
model/single objects of the product model), and to the
time schedule of a project.

Tasks are grouped into different levels as shown in Fig.
7.1 starting from project level and ending on the Internet
level:

- Services are typically web services.

- Activities include one or more services. They are car-
ried out by one person with one role. They can be
modelled as business process objects (Gehre 2007).

- Worktasks consist of one or more activities. They are
carried out by one or more persons owning different
roles.

- Workflows include one or more worktasks. Several
workflows of the same type may be performed in one
project. The workflows themselves can be derived
from process patterns defined by means of a process
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ontology and then respectively adapted and configured
e.g. by the project manager. They may be applicable
for the whole project (cross-company) or company
specific (Katranuschkov et al. 2006).

- Process Patterns consist of one or more workflows
that are company-specific instantiations of process
modules but are generic from the company’s point of
view.

- Process Modules are company-independent descrip-
tions of work and consist of one or more process pat-
terns (Keller 2007).

- Process Module Chains consist of one or more proc-
ess patterns and are project-specific.

- Service packages consist of one or more process mod-
ule chains and structure the project process as value
chains.

During the overall work process, the process management
system continuously updates the work lists for the differ-
ent users, which contain exactly those worktasks that are
relevant for that user.

The user indicates that he wants to start the execution of a
task by activating the corresponding worktask in his work
list. Then the system provides him with a list of all rele-
vant documents , shared data models and the correspond-
ing tools, from which he can select a document, a shared
data model or an appropriate tool — e.g. CAD, a structural
analysis tool, or an office application. When the user fin-
ishes a worktask, he assigns the results to the process
management tool, which then updates the status of all
possible follow-up worktasks for all other users.
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Figure 7.1. Hierarchical sub-structuring of value chains down
the web services.

Each worktask can change its state during its life cycle.
Initially, a task is either suspended or ready for execution.
A task is suspended if it requires additional data to be
executable, e.g. the calculation of loads may be suspended
because data about the building geometry and the location
of building elements is missing. As soon as all required
input data is available, a task is marked as ready-
ForExecution. If the user actually starts it, the internal
operation fetchForUnify() is performed, ensuring exclu-
sive access to this task and changing its state to inExecu-
tion. Then, the user may switch the state between in-
Execution and interrupted, as often as he needs to.

The workflow system can be configured to check whether
a user performs tasks simultaneously, and to provide a
notice, if this happens. When a task is finished, the results



are linked to that task and the state becomes finished. All
tasks, which are not finished, can be aborted. Abortion
can also be performed for the whole workflow that in-
cludes the task.

For a dynamic set-up of workflows, activities, and work-
tasks as well as their refinement on demand during run-
time, a tool named Process Wizard was designed to sup-
port project managers in the coordination of actors
(Wasserfuhr & Scherer 1997). A process definition meth-
odology was later developed to achieve a parametric de-
scription of worktask patterns, based on workflow tem-
plates as described above. Fig. 7.2 shows a screenshot of
an example session with the Process Wizard. Each task of
a user role is modelled as a worktask (a node in the proc-
ess network) and the dependencies are represented as ar-
rows. The main window (1) of the Process Wizard shows
the worktasks. By selecting a worktask, the properties of
that worktask can be modified in a separate window (2).
For each worktask, the users and roles can be specified by
selecting them from overview lists that are interrelated
according to a defined actor matrix (3).
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Figure 7.2. Process Management Tool taken from the ToCEE
Environment.

8 CONCLUSIONS

More than 15 years of research on collaborative engineer-
ing have clearly revealed that a high human-machine in-
teraction in the sharing of work is important to tackle the
complexity. The machine has to take over cognitive parts
of the co-ordination and collaboration work but still has to
remain in the position of an assistant. Many decision sup-
ports, if not ultimately all may be taken over by the ma-
chine and decision-making can be prepared but ultimately
it has to be approved by the end-user to whom the support
is finally directed. A high level of formalization of the co-
ordination and the content of co-ordination are necessary
in order to provide the machine with generic methods and
services, applicable and adaptable to the various design
situations. Only a high-semantic presentation level, on
which all the achieved results were built in the past, has
led to an ever-growing product and process model, nowa-
days called building information model in the scope of
buildingsmart (IAI 2006), which is sometimes hard to
manage as the STEP model has already revealed. The
strict modularization of the IFC model, the smart version
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management with a separate platform and extended model
versioning like 2x.3, i.e. platform version 2, extended
model, version 3 may considerably help postpone this
problem further to the future. However, descriptive inter-
operability as propagated by the IAI is limited. The re-
ported methods are based upon functional interoperability
and underpin the big advantages received. Still more
flexibility is needed and the ongoing research in applying
ontologies for data as well as service interoperability have
proved that ontologies are a promising methodology to
widen our scope in particular to more independent and
distributed data models as well as distributed data sources
and distributed functionality in form of web services, Grid
and P2P technologies. However logic reasoning — attrac-
tive as this may be at the first glance — is strongly limited
to the necessary computer power and the state of the art of
algorithms. Hybrid ontologies with a strong part of se-
mantically described knowledge, pre-evaluated in pat-
terns, may be one of the pragmatic answers to that topic.
Our recent research results in the scope of the EU project
InteliGrid (Gehre 2006) may be considered a proof of the
concept.
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TOMORROW'S WORKDAY: SPONTANEOUS, CREATIVE, AND RELIABLE

Martin Fischer
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ABSTRACT: Through several scenarios, this paper shows how a construction project manager might spend a workday
in the future. The particular tasks addressed include participating in a design review meeting, preparing the construc-
tion input to an engineering issue, tracking the schedule, budget, and environmental performance on a project under
construction, dealing with organizational issues around innovative methods, and maintaining the company'’s intelligent
production planning and control system. Through these examples, the paper also tries to show that the combination of
lean production methods and virtual design and construction tools should not only lead to reliable workflow, but should
also enable and leverage the ingenuity, spontaneity, and creativity of designers, engineers, and builders.

KEYWORDS: virtual design and construction, lean construction, future scenarios.

1 THAI FOOD, ANYONE?

Greg eased his feet into the foot massage device in his
car. He reflected on the workday that was winding down.
Meanwhile his car was also locating Thai restaurants that
were highly rated and where he had not yet eaten as well
as friends that were nearby and who might be interested
in dinner in the next hour or so. Things had changed quite
a bit since the beginning of the 21* century when virtual
design and construction, digital prototyping, and lean
production methods started to make an impact in engi-
neering and construction practice. Those days seemed like
the Wild West now. Not only could he get his feet mas-
saged while driving instead of needing them to speed up
and slow down, he could also contribute his expertise and
creative ideas to projects in all phases much more produc-
tively and with much more spontaneity than possible then.
In those days new ideas were often anathema for project
managers because all too often new ideas meant that the
project scope could not be delivered reliably within the
given schedule and budget. Therefore, it was not uncom-
mon for clients to receive completed facilities later than
expected with less functionality than could have been
possible at a higher cost than budgeted. Furthermore,
buildings were a major contributor to the high CO, emis-
sions and other pollution that plagued the planet. Since
then, computer-based modeling, simulation, analysis,
visualization, and collaboration methods sure had made a
difference because he could evaluate more options more
quickly and comprehensively than anybody thought pos-
sible at the time.

He had just left a design review meeting for a new school.
Compared to the Wild West days this meeting had been
dramatically more productive. 95% of the meeting time
had been focused on the most important project issues.
Many more issues than possible before were covered in
one hour, with 90% of the issues resolved during the
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meeting. This was possible because 100% of the stake-
holders that needed to participate in the design review
were present to review the 52 design options — some in
their fifth version — against the 22 most important life
cycle design criteria and compare the proposed designs
against twelve recent projects with a similar scope and
evaluation criteria. It was also possible because this re-
view meeting had been well planned in the context of the
entire project to resolve the critical issues that would
unlock the next phase and level of detail in designing the
school and its life cycle. The information basis for the
decisions that had to be made was sound with 80% of the
analyses required for the 22 criteria based on formal, vali-
dated models that could be represented, simulated, ana-
lyzed, visualized, compared, and coordinated with well-
founded computational methods. The priorities for the
various stakeholders in terms of the 22 criteria and the
impact of each design option on these criteria were trans-
parent. His assignment for the next two days on this pro-
ject was clear: Greg needed to determine how a new ma-
terial the structural engineer thought about using for part
of the structural system would impact the construction
and operations phases. He would need to review the as-
sumptions behind the cost estimating and production
planning data he had been given carefully and compare
them to the assumptions in their estimating and planning
systems, and he would need to obtain and validate the
environmental and social performance data from the ma-
terial manufacturer and other parties in the material’s
supply chain. These were essential data for the computer
simulations he would run to assess the life cycle perform-
ance of the material in the context of the structure and
determine the cost and management attention needed to
incorporate this proposed change into the existing organi-
zation and schedule of the project. He wasn’t sure
whether the potential life cycle benefits would outweigh
the cost and efforts to incorporate the new material in the



design of the facility and its delivery process and organi-
zation, but he would find out soon enough.

2 GREG’S WORKDAY

Throughout the day Greg had participated in an alliance
meeting for a new project, prepared the construction input
to an engineering issue, tracked the schedule, budget, and
environmental performance on a project under construc-
tion, dealt with organization issues around innovative
methods, and maintained their intelligent production
planning and control system.

2.1 Setting up project alliances

In the past, the many parties that needed to provide exper-
tise for a project would join a project in a rather sequen-
tial fashion. Important expertise for and commitment to a
course of action would often not be available until late in
a project when the time, budget, and will to make changes
to a project’s design to improve its life cycle performance
had all but vanished. Fast track was a preferred method to
orchestrate projects. Fast track provided the illusion that
owners could decide late on important features of a facil-
ity to take advantage of new technologies, e.g., a better
medical device, or to address market opportunities, e.g.,
strong demand for a particular product, but could still
open the facility early enough to enhance their market
position. While fast track worked sometimes it often also
led to large budget and schedule overruns and missed
opportunities from the early, consistent, and constant ho-
listic consideration of important facility life cycle con-
cerns that was now the norm. It took a few years for own-
ers and their design, construction, and facility manage-
ment service providers to gain trust in the virtual design
and construction process where the facility and its life
cycle are built in the computer as often and for as many
perspectives as necessary to enable all the important pro-
ject stakeholders to make reliable commitments. As more
and more project concerns could be modeled with com-
puter-based methods it became increasingly possible and
necessary to engage the stakeholders that were in a posi-
tion to commit to a specific life cycle performance during
the design phase of a project to fully leverage the benefits
of building and using a facility digitally first. At the alli-
ance meeting, the key team members had agreed on the
important elements of the new building, which was criti-
cal to enable a creative and focused multi-disciplinary
conceptual design process. The important functional re-
quirements had also been reviewed and described for-
mally, and the team had agreed on how to predict the ex-
pected performance of a proposed design against these
requirements. Finally, systems and responsibilities for
information management and communication were estab-
lished.

2.2 Multi-disciplinary, concurrent conceptual design

First thing in the morning, he had participated in a con-
ceptual design review session. The owner of a health care
facility needed to decide how much parking to build and
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how to build it. Public and private transportation was
blending together with autonomous cars becoming more
widespread. It was expected that in about five to ten years
the amount of parking needed would go down signifi-
cantly as the number of autonomous vehicles increased,
which would then function like a highly flexible public
transportation system, sort of like public taxis. Further-
more, the regional master plan showed a mass transit sta-
tion nearby to be built in about ten years. Therefore, the
owner wanted to explore different options for bringing
patients and visitors to the facility, including a “tempo-
rary” large parking garage with a service life of about ten
years with different options for recycling and reusing the
components of the structure, a more permanent large
parking structure, and a permanent small parking garage
coupled with a range of transportation options. The main
other participants were the architect, the structural engi-
neer, the energy provider, and, of course, the owner. The
main criteria included minimizing monetary life cycle
costs, maximizing life cycle energy performance, mini-
mizing CO, emissions, minimizing patient and visitor
time in the system, and maximizing the productivity of
the healthcare staff. Since most comparable data was
available for a permanent structure, the permanent struc-
ture became the “defending champion” or baseline option.
In preparation for this meeting the participants had cre-
ated 3D building information models for each of the op-
tions linked to the processes needed to create and operate
each option. Greg had compared the proposed baseline
option against ten similar projects the firm had completed
recently and developed the analysis method to determine
the impact of the construction phase of the options on
each performance metric. Greg’s staff had combined and
coordinated the models and related analyses prior to the
meeting, and their performance against the metrics had
been predicted through formal computer-based analyses.
During the meeting the team

considered the assumptions that had been made for the
various analyses,

assessed the major uncertainties (such as the likely
demand for pre-owned structural components in about
five to ten years),

established the ripple consequences of the various op-
tions on other key elements of the facility (such as lo-
cation and size of the main lobby),

refined the parking element in the product breakdown
structure,

discussed design strategies, tasks, milestones, and de-
cision points to develop the parking concept further,
connected the resolution of the parking approach into
other key design decisions so that the related tasks and
decisions could be managed better, and

evaluated the impact of each option on the project and
owner organizations and processes to establish, e.g.,
the necessary management capacity and attention for
each option.

Because of its positive impact on patient throughput and
staff productivity and the relatively good environmental
performance due to the potential to reuse the components
of the structure, the “temporary” structure looked like the
way to go. The team decided to keep the small structure
and public transit option open as well.



2.3 Constructibility input

Later in the morning he had been asked to provide con-
structability input on a project that was in early design
development. The architect and structural engineer
wanted constructability feedback before they finalized the
layout of the spaces and structural system. Since the
structure of the building was in concrete, he considered
the detailing, procurement, and field assembly or con-
struction that would be required for the various options.
He considered the potential for prefabrication, the oppor-
tunity to work in parallel with other trades or even incor-
porate some of the work of other trades with the concrete
structure, and thought about how future modifications to
the building could be made easier with a particular layout
and corresponding structural system. He had simulated
the life cycle performance of several layout options, struc-
tural materials and spans from a construction perspective
which enabled him to provide input to the design team on
the key parameters that affect the cost and value of a par-
ticular building layout.

2.4 Tracking project performance

In the afternoon, he spent some time virtually visiting
three construction sites to track their performance. He
could see the performance of all his jobs on the dashboard
“minute-by-minute”, but he still liked checking in person-
ally with the sites so that ideas and concerns from the site
staff and workers could be addressed quickly. Even as
late as 2007 most construction professionals thought that
it wasn’t feasible and didn’t make sense to track field
work in great detail and in real time. However, the de-
sign-fabricate-assemble method coupled with better traf-
fic management systems that led to more predictable
transportation times made components and subassemblies
available on site with far greater reliability, higher qual-
ity, and lower cost than was thought possible at the time.
Now, based on the project’s building information model
and production steps and data from the company’s ERP
system, computer tools generated and updated a master
list of all tasks that needed to be carried out on a project.
Field workers (assemblers) now received instructions
from their work straight from the computer-based plan-
ning systems linked to the project’s master schedule and
latest design information. They also documented the work
with pictures that were automatically indexed by time and
location. Updating of schedules was almost automated
now thanks to advancements in computer vision and data
mining methods. Aggregation of the production data into
historic cost data, payment applications, and feedback to
the field crews was now easy to do, all because the level
of detail and organization of the digital production infor-
mation matched the actual work much more closely than
in the past.

He was proud that this system he had implemented was
not used to police the field crews, but instead empowered
them and made them more productive. Foremen would,
e.g., pull all the field deliveries from the various fabrica-
tion facilities to the site when needed. They also tracked
the on-time performance of the deliveries from the manu-
facturers so that they knew how much site inventory they
should have on hand for a particular manufacturer. Fur-
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thermore, dimensional control was now much easier and
precise with direct links between coordinates in 3D CAD
models and points and positions on site indoors and out-
doors. This cut down significantly on installation errors
and enabled the crews to carry out much of the quality
control as they worked, which eliminated many of the
time-consuming, difficult-to-schedule, and imprecise QC
tasks that had been the norm not so long ago.

During the virtual site tour, Greg not only reviewed the
latest production data such as production rates, schedule
performance (including variance from scheduled installa-
tion times and durations), inventory on site, workable
backlog, supplier performance, and on-time performance
of the other contractors and reviewed visual simulations
of the next day’s work with the site staff, he also listened
to concerns and ideas of the workers. One of the workers
had an idea for a better design of a field operation with
potentially better ergonomics. Greg promised to run a
detailed computer simulation over the next two days and
share the initial findings from the simulation during the
next virtual site visit to determine whether a trial imple-
mentation of the new operations design should be
planned.

2.5 Managing organizations to leverage innovations

A few months ago, the foreman in one of their prefabrica-
tion facilities had had an idea for an improvement in the
fabrication process. The improvement had required the
development of a customized tool and the implementation
of adjustments on the shop floor. It also required addi-
tional data management steps. Now that the improved
process was running reliably in the factory, Greg needed
to turn his attention towards educating their information
supply chain about the new fabrication capability. The
structural engineers they worked with were particularly
critical since they were in the best position to influence
the structural design so that the new capability would be
leveraged to the fullest. Also, it would help the com-
pany’s detailing and fabrication efforts significantly if the
structural engineers would expose additional load data
with the structural design objects they passed along in the
information supply chain. Such organization and process
changes were difficult enough to manage internally; ex-
ternal changes required even more care and attention.
Getting ready for the meeting with one of the structural
engineers, he had prepared production data and simula-
tions of the old and new process that he hoped would
convince the engineer to consider the changes in the de-
sign process and information model that would streamline
the digital and physical making of structural components.
Greg was also prepared to increase the fee for the struc-
tural engineer if he would prepare and share the informa-
tion needed.

In addition to managing the organizational changes neces-
sary for the implementation of the innovative fabrication
process, Greg was also planning a pilot project to test the
feasibility of a small device that would be added to the
field information system each worker had to detect and
track near misses, i.e., situations that almost resulted in
accidents, which had been an elusive goal so far and
could lead to a breakthrough in safety management.



2.6 Maintaining intelligent systems

Finally, the last major task of the day for Greg had been
the maintenance of the company’s intelligent production
planning and control system. The fabrication innovation
had required changes in the company’s product and work
breakdown structures, the implementation of new soft-
ware links between the respective product and process
elements in these breakdown structures, the adjustment of
the user interfaces(UI) for the detailers, fabrication plan-
ners, and shop floor managers, and the collection of new
performance data. After several months these adjustments
and the data were available, and it was time to go live
with the information system that supported the new proc-
ess. Greg did the final review of the UI, work and infor-
mation flow, and data with the affected stakeholders and
gave the OK for the final steps needed to go live. He also
asked one of his assistants to prepare the educational ma-
terials needed to train the stakeholders in the use of the
new method.

3 SO WHAT?

As Greg’s car pulled up to the Thai restaurant it had
found, Greg noticed the college classmate he hadn’t seen
in a while that the car had found as a willing dinner com-
panion. He got out of the car and waved to her. He
couldn’t wait to tell her about all the great performance
improvements his company had identified, piloted, and
rolled out across their own and their project organizations
since they had last spoken to each other. Now Greg was
even more excited about dinner, since Stephanie worked
for a large developer, owner, and operator of R&D facili-
ties. Waiting for Stephanie he noticed the packed parking
lot of the restaurant. They must have good food, he
thought. He also noticed a sign that offered a 10% dis-
count for patrons not requiring a parking space. With
denser urban developments space was at a premium eve-
rywhere. He was glad that he had already made the switch
to the autonomous public cars that had become available
on a commercial basis last year. As he was waiting for
Stephanie, the car he had used drove off to pick up an-
other passenger. He started to wonder whether the small
parking structure coupled with a well-organized and cus-
tomized public transport option wouldn’t be the better
option for the healthcare facility he had worked on earlier
in the day.

As he and Stephanie settled at the bar in the bustling Thai
restaurant to wait for two other colleagues, he explained
to her that they had just completed construction on three
different $250M projects (a museum, a mixed use devel-
opment, and a light industry facility) in 6 months each.
While doing so, their firm’s ideas and practices and early
and ongoing collaboration with the rest of the team con-
tributed an 8% reduction in life cycle costs for these fa-
cilities and a 6.5% reduction in CO, emissions over simi-
lar facilities built in the last 10 years. He knew these fig-
ures because his firm not only fabricated and assembled
part of the building; it also coordinated the virtual and
physical making processes. Several years ago they had
formalized and implemented an integrated product-
organization-process (or building component, re-

24

sources/stakeholders, task) modeling approach to support
the management and coordination of the virtual and
physical project phases with an eye on the overall life
cycle performance of the buildings they worked on (Fig-
ure 1). This approach provided a digital roadmap and
documentation for the project at its many levels of detail
and the “hooks” to the many company-specific data sets
the various stakeholders had and needed to use for their
work. Hence, he could plan, track, and show how the
scope and schedule and the project impact (first cost, life
cycle cost, value to the building user, etc.) evolved over
time through the ideas, tasks, and collaboration of the
various project team members. In addition to delivering
the completed building his company now also handed
over a detailed, accurate as-built building information
model that provided the basis for the operation of build-
ings, including facility management, repurposing of a
building, reconstruction, etc. In some cases, they had even
continued their involvement into the operations phase. In
other cases, their well-established work methods and clear
communication tools had enabled the company to hire
crews with less experience made up of newly arrived im-
migrants that had been displaced in their home countries
due to the rise in productivity in agriculture. He felt that
the construction industry in general and his company in
particular served society well also in this way.

These performance improvements and his company’s
expanded service offerings and more competitive market
position were enabled by research that provides the theo-
retical foundation for the virtual design and construction
methods that formed the backbone of generating and
evaluating ideas and design options through integrated
engineering of a project’s product, organization, and
processes across levels of detail, project phases, and dis-
ciplines. Before, it was difficult to understand and make
transparent the functional requirements of the main pro-
ject stakeholders, in particular the future building users, to
adjust these requirements as the project evolved, and to
evaluate the design options against these requirements.
Now, he could explain the project decisions, and the de-
sign process engaged the project stakeholders much more
actively. The better computational methods with the bet-
ter organized project information and the more engaged
stakeholders led to much shorter latency in responding to
questions and making decisions, which increased the en-
tire project velocity and productivity and minimized
wasted human and technical resources.

Getting here had required significant attention to the work
processes of the company and its partners on projects, the
information systems that support these processes, and the
formal knowledge basis that enables the rapid and cost-
effective construction phase. It also required creating an
organization that was not only geared towards providing
maximum customer value — to use an overused phrase
from the early part of the century — but also to learning
from project to project and with a mindset for innovation.
Innovations could come from anywhere on the planet; in
fact the safety device he was about to pilot had been put
together by an inventor in Slovenia. He felt confident that
his company was well-equipped to compete in this world
of high customer expectations and constant innovation,
since it had a well-organized set of processes and tools
that made it relatively easy to assess the opportunity pre-



sented by an innovative material or method. It also en-
abled the company to maximize the impact of the exper-
tise and creativity of its engineers and managers on its
projects. This had been a huge factor in attracting and
retaining top level employees, who saw working at this
firm as a way to build on their knowledge of materials,
design, fabrication, and assembly methods, and tools for
coordination and communication.

..‘? Reuse
b=
L
f=
v
Ce] Renovate
0
“w Operate §
kY .. s
s > 2006: maximize ] N
L .
B3 VALUE (economic, <
. 0
55.05: enqunment.al, Buld §
minimize first | | & social equity) 3
cost (economic) -- cradle-to-cradle Design &
S
Lifecycle cost analysis Define |8
Shape

Costs

Economy Environment Social Equity

Range of issues and stakeholders considered
Figure 1. Proposed focus for the work of construction engineers

and managers in the future to minimize the cost and maximize
the value of facilities over all life cycle phases.

4 CLOSING THOUGHTS

Professionals today already do almost all the work de-
scribed in the scenarios above; however, in most cases
without the support of formal, computer-based models,
without explicit and public metrics, and without a sched-
ule that orchestrates stakeholders, decisions, and informa-
tion flows as best as possible so that appropriate topics
and decisions are addressed at the appropriate level of
detail and with the right level of effort over the course of
a project. The scenarios assume the availability of perva-
sive computing resources and information devices and an
infrastructure that connects people and their devices on
demand to available information and computing systems.
The methods Greg uses to carry out his work for the day
already exist in most parts in a few innovative companies
on pilot projects or in research laboratories. Hence, I
worry that my descriptions of how Greg will work are too
conservative. Nevertheless, the definition, development,
testing, and widespread implementation of the suggested
work methods is perfectly feasible — and I believe highly
desirable and necessary — but will require significant at-
tention from executives and project managers and engi-
neers. It will also require significant research to develop
the foundation for the representations and mechanisms
that will enable project participants to build appropriate
models of a facility’s components and systems and the
organization and processes that conceive, create, and op-
erate facilities quickly and with enough accuracy to guide
project decisions and direction.

Current attention to lean production methods combined
with virtual design and construction tools is leading to
more reliable workflows and less costly project execution
(in terms of initial costs, time, life cycle cost, waste, envi-
ronmental impact, etc.). I believe that this is a great im-
provement and of enormous value to the construction
industry and to society. This in itself is, of course, already
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a wonderful contribution of computer-integrated construc-
tion. However, just working in predictable ways and re-
liably executing projects does not fully excite me on a
human level, even as good as it will be for the bottom line
of companies and professionals. Therefore, I suggest that
a truly exciting set of tools and processes should not only
lead to reliable and predictable workflows, but should
also enable and benefit from the ingenuity, spontaneity,
and creativity of its users, i.e., the designers, engineers,
and managers who shape the built environment we all
depend on through their work and decisions every day.
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ABSTRACT: In today’s communication intensive environment the rapidly changing nature of work, learning, and play
is driven by more and more collaboration, globalization, digital media, interactive devices and spaces, mobility, and
convergence of virtual and physical spaces and places. The people and their knowledge are the key corporate asset.
Managing, transferring, and reusing knowledge can lead to greater competitive advantage, improved products, and
more effective teamwork. The most effective means of knowledge creation and transfer from experts to novices in both
education and industry settings is through stories and dialogue using analog channel such as verbal discourse, ges-
tures, annotations, and sketching. Current knowledge capture and reuse solutions do not afford to capture and utilize
the relevance embedded in these multimodal streams of communication. This paper explores innovative approaches to
support (1) seamless transformations from analog and digital worlds, and (2) cross-media retrieval and interactive re-
play of multimedia content in support of global teamwork.

KEYWORDS: analog, digital, knowledge management, dialogue, gesture, sketch, data mining, cross-media capture re-
trieval and replay.

1 INTRODUCTION lem solving sessions in which knowledge workers gather

around diverse documents (e.g., blueprints, contractual
What do the Altamira cave paintings, kids’ drawings, and  agreements, spec sheets, cost estimates, schedules, etc.)
professional paper napkin sketches have in common? and engage in dialogue, annotation, paper and pencil
They all tell a story, but there is no voice of the story-  sketching. Paper has a tactile feel; it can be easily folded
teller. Observations show that the most striking means of  or rolled and carried to meetings or site visits. It affords
knowledge transfer from experts to novices in both educa-  single or multiple users to interact and jointly annotate
tion and industry settings is through the informal recount-  one or multiple documents, and more importantly; it is
ing of experiences from past projects and collaborative  socially and legally accepted [Sellen 2001]. It provides a
dialogue connecting ideas and solutions. Stories convey high resolution for navigation through the content that en-
great amounts of knowledge and information in relatively — ables users to view at a glance local details and global
few words together with sketches on paper or annotations  context. However, paper is difficult to modify and expen-
on formal printed or electronic documents. Managing, sive to distribute, archive, search, retrieve, and reuse.

transferring, and reusing knowledge can lead to greater | order for knowledge to be captured and reused, the par-
competitive advantage, improved products, and more ef-  ticipants should be able to (1) create and express ideas
fective teamwork. However reuse often fails, since and solutions using natural idioms and channels as com-
knowledge is not captured, it is captured out of context  mynijcation media such as dialogue, annotation, and paper
rendering it not reusable, or there are no formal mecha- 44 pencil sketches, (2) then retrieve, review, and under-
nisms for finding and retrieving reusable knowledge. The  gtand the context in which this knowledge was originally

digital age holds a great promise to assist in knowledge  created, and (3) interact with the content in a rich, multi-
capture and re-use. The more digital content is created the  edia environment.

more paper we print and use. Most digital content man-
agement today offers few solutions to capitalize on the
core corporate competence, i.e., to capture, share, and re-
use business critical knowledge. Digital archives store
formal documents (CAD, Word, Excel, etc.) that can be
easily edited, shared, searched, and archived. Knowledge
reuse and externalization of tacit knowledge is not re-
vealed by these formal documents. The knowledge crea-
tion takes place in informal concept generation and prob-

Analog communication, i.e., verbal discourse, gestures,
paper and pencil sketches and annotations are hard to cap-
ture and index in context. Current ICT solutions such as
Flickr and YouTube, engage users to provide semantic
tags to digital content, i.e., pictures and video. This paper
explores innovative approaches developed over the past
five years in the PBL Lab at Stanford to support auto-
mated and integrated:
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- seamless transformations from analog to digital
worlds, i.e., analog verbal discourse, gestures, paper
and pencil sketches and annotations; digital audio,
video, digital sketches and annotated documents, and
cross-media retrieval and interactive replay of multi-
media content in support of global teamwork.

In the PBL Lab at Stanford, we view knowledge capture,
sharing, and reuse as key steps in the knowledge life cycle
[Fruchter and Demain, 2002, 2005]. Knowledge is created
as project stakeholders collaborate on design projects us-
ing data, information, past experience and knowledge. It
is captured, indexed, and stored in human memory or
digital archives. At a later stage, it is retrieved and reused.
Finally, as knowledge is reused it is refined and becomes
more valuable. In this sense, the archive acts as a knowl-
edge refinery.

Ethnographic studies performed over the past decade of
cross-disciplinary teams at work show that a primary
source of information behind design decisions is embed-
ded within the verbal conversation among designers. Cap-
turing these conversations is difficult because the infor-
mation exchange is unstructured and spontaneous. In ad-
dition, discourse is often multimodal. It is common to
augment speech with sketches as an embodiment of the
mental model, or launch into a problem solving discus-
sion triggered by a sketched solution.

This paper addresses the following research questions:

- What are governing interaction and communication
principles when a group of project stakeholders en-
gage in a reflective conversation with the situation?
How can such multimodal communicative events ex-
pand a building information model (BIM) to become a
rich multimedia building knowledge model (BKM)?
How can the analog and digital worlds be bridged to
support a seamless transformation from analog to digi-
tal to analog to digital (A2D2A2D...) in support of the
knowledge life cycle?

2 POINTS OF DEPARTURE

The topic of how to capture knowledge in project teams
has received extensive attention from researchers in de-
sign theory and methodology. The value of contextual de-
sign knowledge (process, evolution, rationale) has been
recognized. Nevertheless, the additional overhead re-
quired of the user in order to capture it has precluded
these applications to be widely adopted. Other studies fo-
cused on either the sketch activity, i.e., learning from
sketched accounts of design [Tversky 1999, Guimbre-
tiere, 2003, Stiedel and Henderson 1983, Olszweski 1981,
Kosslyn 1981, Goel 1995] and verbal accounts of design
[Cross 1996, Cross 1992, Dorst 1996]. Researchers stud-
ied the relation between sketching and talking [Eastman
1969, Goldschmidt 1991]. Recent studies of interactive
workspaces [Ju et.al, 2004] explore capture and naviga-
tion issues related to technology-augmented interactions.
To help guide the users’ exploration of an archive of un-
structured dialogue and sketch content linked to struc-
tured, document databases, it is necessary to develop a
search and retrieval mechanism. The reported research
builds on Donald Schon’s concept of the reflective practi-
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tioner paradigm of design [Schon 1983]. Schon argues
that every design task is unique, and that the basic prob-
lem for designers is to determine how to approach such a
single unique task. Schon places this tackling of unique
tasks at the center of design practice, a notion he terms
knowing in action (Schon 1983, p. 50). To Schon, design,
like tightrope walking, is an action-oriented activity.
However, when knowing-in-action breaks down, the de-
signer consciously transitions to acts of reflection. Schon
calls this reflection in action. In a cycle which Schon re-
fers to as a reflective conversation with the situation, de-
signers reflect by naming the relevant factors, framing the
problem in a certain way, making moves toward a solu-
tion and evaluating those moves. Schon argues that,
whereas action-oriented knowledge is often tacit and dif-
ficult to express or convey, what can be captured is re-

flection in action.

The following working definitions for data, information,
and knowledge are used in order to formalize governing
principles of team communication. Data (e.g., printed
documents or digital documents of CAD, spreadsheets,
text) represent the “raw material.” This is easy to manage
and store in corporate databases or ftp sites. Nevertheless,
data is not information. Information emerges during a
communicative transaction between a sender and a re-
ceiver. Information is created as the sender takes data and
adds meaning, relevance, purpose, value through a proc-
ess of contextualization and synthesis. Neither data nor
information represents knowledge. Observations show
that knowledge is created through dialogue during one’s
thought process or among people as they use their past
experiences and knowledge in a specific context to create
alternative solutions. During these dialogues knowledge is
created as connections, comparisons, combinations, and
their consequences are explored. It is important to note
that documents do not reveal the tacit knowledge exter-
nalized during such communicative events. The docu-
ments also ignore the highly contextual and interlinked
modes of communication in which people generate con-
cepts through verbal discourse and sketching. This explo-
ration views the act of reflection in action as a step in the
knowledge creation and capture phase of what we call the
“knowledge life cycle” [Fruchter and Demian, 2002,
2005]. Knowledge represents an instance of what
Nonaka’s knowledge creation cycle calls “socialization,
and externalization of tacit knowledge.” [Nonaka and Ta-
keuchi 1995]. We build on these constructs of the knowl-
edge lifecycle and the “socialization, externalization,
combination, and internalization” cycle of knowledge
transfer.

Current research studies present media specific analysis
solutions, e.g., Video Traces for video content annotation
[Stevens, Cherry, and Fournier, 2002], Tracker for video
content processing based on object segmentation (SRI)
[SRI, 2002], Fast-Talk for audio search [product of Fast-
Talk company], text vector analysis and latent semantic
indexing for information retrieval from text repositories
[Landauer and Dumais, 1995] [Salton, Buckley, and
Singhal, 1995], video object segmentation of video foot-
age [Farin, Haenselmann, Kopf, Kiihne, and Effelsberg
2003], [Kuehne, 2002]. Nevertheless, there are few stud-
ies focusing on cross-media capture and retrieval.



3 SEAMLESS TRANSFORMATIONS FROM ANA-
LOG TO DIGITAL WORLDS

Ethnographic observations of collocated and geographi-
cally distributed project teams were used to identify and
model the activities, interaction, and information gener-
ated by the stakeholders. A scenario-based approach
[Rosson and Carroll 2001] was used to design new ICT
mediated human-to-human interactions. The premise be-
hind the scenario-based method is that descriptions of
people’s interactions are essential in analyzing how tech-
nology can support and improve their activities. The ob-
jective was to identify governing principles of analog
communications and map them into a digital interactive
environment.

Observations in the analog paper world show that during
communicative events there is a continuum between dis-
course and sketching as ideas are explored and shared. A
primary source of knowledge behind decisions is embed-
ded within the verbal conversation among stakeholders.
The link between dialogue and sketch provides a rich con-
text to express and exchange knowledge. This link be-
comes critical in the process of knowledge sharing, re-
trieval and reuse to support the user’s understanding of
the shared information and assessment of the relevance of
the retrieved content with respect to the task at hand.
Nevertheless, paper is a media hard to share, exchanged,
and re-use, and does not capture the discourse among us-
ers. The moment you lost the paper sketch the ideas are
lost.

The scenario based analysis of collocated and geographi-
cally distributed project teams led to:

1.the formalization of a problem space defined by three
dimensions:

- number of participants — from single to multiple par-
ticipants,

- number of artifacts (paper or digital) — from one to

multiple artifacts (e.g., documents, models, etc.) and

- number of input devices used to sketch or mark up

digital or paper documents and manipulate models —

from one to multiple input devices (e.g., pens,
markers).

This problem space defines a spectrum of interaction sce-
narios of increasing complexity. These interaction scenar-
ios are consistent with the observed communicative
events in real project teams and work settings. For in-
stance, the two extremes of the spectrum are defined by
the following two interaction scenarios:

- at one end of the spectrum: a single participant in-
teracting with one document or artifact, using one
input device or pen, and

- at the other end of the spectrum: multiple partici-
pants interacting with diverse documents or artifacts
using multiple input devices.

2.the definition of a reflection in interaction model. The
reflection in interaction model focuses on multiple
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participants engaged with a project situation that ex-
tends Schon’s concept of reflection in action that de-
scribes a single participant interacting with the situa-
tion. The interaction scenario defined by ”a single par-
ticipant marking up one document with one input de-
vice/pen” matches Donald Schon’s concept of reflec-
tion in action of a single practitioner [Schon 1983]. In
the case of the reflection in action a single practitioner
has a reflective conversation with the design situation.
This entails the following activities:
1.Naming the relevant factors in the studied design,
2.Framing the problem in a specific domain,
3.Making moves towards a solution, i.e., often modi-
fying the design solution to address some of the
identified problems, and
4.Evaluating the moves or proposed modifications.

Each move or modification made by one team member in
one discipline can impact solutions in other disciplines
(e.g., a change made by the architect in the floor plan lay-
out can impact the structural system solution proposed by
the structural engineer). This in turn creates a new situa-
tion for that team member and triggers a reflection in ac-
tion cycle in that domain.

The second interaction scenario defined by “multiple par-
ticipants marking up multiple documents with multiple
devices/pens” matches the concept of reflection in inter-
action. As participants review concurrently multiple
documents, they have a constant reflective conversation
with the situation, the artifacts or documents, and the
other participants. Their interactive reflective process
consists of the following activities:
1.Identifying the relevant factors in all considered disci-
plines through exploratory sketching and discussion.
2.Correlating these factors across disciplines and docu-
ments.
3.Discussing and exploring alternatives across disci-
plines.
4. Assessing alternatives and their implications.




(b)

Figure 1. Interaction Scenarios: (a) Reflection in Action — de-
fined by a single participant marking up one document page
with one input device/pen, and (b) Reflection in Interaction -
defined by multiple participants marking up and correlating
multiple documents with multiple devices/pens.

It is interesting to note that whereas action-oriented
knowledge is tacit and difficult to transfer, what can be
captured and transferred is the action itself in relation to
the reflection in interaction that reveals the rationale and
correlation across disciplines and documents, as well as
the new knowledge that is created through discourse
among the stakeholders. Capturing, sharing, and reusing
knowledge created in cross-disciplinary, collaborative
teams is critical to increase the quality of the product, re-
duce hidden work (i.e., less coordination and rework
[Levitt and Kunz, 2002]), improve communication and
knowledge transfer among the stakeholders, decrease re-
sponse time and decision delays, reduce time-to-market,
and cost. The objective is to reduce the number of re-
quests for information cycles to one cycle.

Two prototypes that complement each other have been
developed, tested and deployed to achieve the goal of
knowledge capture, sharing, and reuse through seamless
transformations from analog to digital and digital to ana-
log worlds: TalkingPaper' [Fruchter et al 2007] and RE-
CALL?. [Fruchter and Yen, 2000]. Both prototypes model
the concepts of reflection in action and reflection in inter-
action.

TalkingPaper is a client-server environment that bridges
the paper and digital worlds. It leverages technologies
such as Anoto"™ paper, digital pens (e.g., by Nokia, Logi-
tech, Maxell), cell phones, Bluetooth communication be-
tween digital pen and cell phone, and GSM/GPRS net-
work services. Talking paper system (Figure 2):

- provides an analog-to-digital content conversion that
enables seamless transformation of the informal ana-
log content, such as dialogue and paper and pencil
sketches, into digital sketch objects indexed and syn-
chronized with the streamed digital audio of a Talk-
ingPaper session. This conversion takes place in real-
time, with high-fidelity, and least overhead to the par-
ticipants. Sketches and annotations on the Anoto™

1 Provisional patented, PBL Lab, Stanford University.
2 Patent, PBL Lab, Stanford University.
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paper are converted into digital sketch objects that are
synchronized with the speech from the digital audio
channel and the documents form the corporate data-
base that were printed on Anoto™ pages.

supports knowledge sharing allowing the user to un-
derstand the content in the context it originated, i.e.,
streamed, interactive replay of indexed digital audio-
sketch rich multimedia content that captures the crea-
tive human activities of concept generation through
dialogue and paper and pencil sketching. The Talk-
ingPaper sessions are automatically uploaded from a
the TalkingPaper client to a TalkingPaper Web server
that was developed to archive, share, and stream these
sessions on-demand. It automatically synchronizes
digital audio-sketch episodes with the corresponding
document that was printed on the Anoto™ paper used
in that session.

TalkingPaper Mobile Client

Speath &P a per & PEREINE ketch

TalkingPaper

TalkingPaper Session
Streamed
Interactive Replay

—
Enterprise Document
Database

-

i
4

Figure 2. TalkingPaper Prototype bridges Paper and Digital
Worlds.

It is important to note that TalkingPaper allows for an
endless cycle of transformations from analog paper to
digital multimedia content and back to analog paper as
TalkingPaper Web pages can be printed for further anno-
tation and discussion, and subsequent posting on the Talk-
ingPaper Web server etc. until a decision is taken by the
team members. (Figure 2) TalkingPaper can be used in
both reflection in action and reflection in interaction sce-
narios.

RECALL 1is a client-server environment that bridges the
analog and digital worlds. It leverages technologies such
as SmartBoard and Tablet PC for direct manipulation of
digital project content and sketching. (Figure 3) RECALL
drawing application written in Java captures and indexes
each individual action on the drawing surface. The draw-
ing application synchronizes in real time with audio/video
capture and encoding. Once the session is complete, the
drawing and video information is automatically indexed
and published on a RECALL Web server that streams the
sessions. It supports distributed and synchronized play-
back of the sketch and audio/video from anywhere at any-
time. In addition, the user is able to navigate through the
session by selecting individual drawing elements as an
index into the audio/video and jump to the part of interest.
Users can create free hand sketches or import any images
(e.g., CAD) and annotate them during their discourse. At
the end of the session the participants exit and RECALL
automatically indexes the sketch, verbal discourse and
video. This session can be posted on the RECALL server



for future interactive replay, sharing with geographically
distributed team members, or knowledge re-use in future
projects. RECALL aims to improve the performance and
cost of knowledge capture, sharing and interactive replay.
RECALL has been used extensively in various scenarios,
such as, team brainstorming individual brainstorming,
best practice knowledge capture.

Both TalkingPaper and RECALL sessions can be ac-
cessed with their URL and streamed on IE browser. More
importantly, these sessions can be linked to specific
graphic objects in a 3D building information model
(BIM). This extends the 3D model from a BIM that pro-
vides data and information about the future facility to a
building knowledge model (BKM) that integrates and
shares stakeholders’ knowledge created over during the
project.

4 CROSS-MEDIA SEARCH AND RETRIEVAL

Once the dialogue, speech, and sketches are captured in
the form of indexed and synchronized digital video-
audio-sketch content by either TalkingPaper or RECALL,
the digital multimedia sessions can be shared and re-
played by team members anywhere anytime. However, as
more and more digital content is archived it becomes dif-
ficult and time consuming to find and retrieve relevant
footage from such large, unstructured, digital data stores.
To address this challenge the PBL Lab team developed
the DiVAS (Digital Video Audio Sketch) system. It pre-
sents a cross-media semantic analysis and data mining
methodology of indexed digital video-audio-sketch con-
tent that captures the creative human activities of concept

generation and problem solving. DiVAS provides a
macro-micro index to large digital archives of rich, mul-
timedia, and unstructured content. Knowledge re-use is
facilitated through contextual exploration and understand-
ing of the multimedia content that is retrieved.

The key activities and steps for digital content processing
identified in support of effective knowledge retrieval and
reuse are - capture, retrieve, and understand. The capture
phase involves collecting the analog data (dialogue,
speech, and sketches), digitizing, indexing and synchro-
nizing it. This step is performed by either TalkingPaper or
RECALL. In the retrieve step this digital data (video,
speech and sketch) is then processed in order to add struc-
ture to the unstructured multimedia data (i.e. video, audio
and sketch) by identifying key information occurring in
the data archive and automatic mark up of digital footage
for future search and retrieval. Finally, the understand
module examines all the structured information gathered
from the different streams and creates the context between
them, i.e. finding relevance between the information in
each of the streams. The DiVAS system integrates the fol-
lowing modules to achieve the cross-media capture, re-
trieval, and replay to understand knowledge in context:
(1) TalkingPaper or RECALL prototypes for capture, (2)
I-Gesture prototype for semantic video analysis, and (3) i-
Dialogue prototype for text and data mining from the
speech channel. The integrated result is a refined and
highly contextual cross-media representation of the
knowledge captured that is relevant to the specific project
query posted in DiVAS by stakeholders.

DiVAS builds on the following observations of commu-
nicative events and hypotheses:

—

e Nﬂwargf.’
B RECALL Session
: Streamed Interactive Replay
Enterprise Document
Database

Figure 3. RECALL Prototype
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- Gestures can serve as external representations of ab-
stract concepts which may be otherwise difficult to il-
lustrate. Gestures often accompany verbal statement
as an embodiment of mental models that augment the
communication of ideas, concepts or envisioned
shapes of products. A gesture is also an indicator of
the subject and context of the issue under discussion.
If gestures can be identified and formalized they can
be used as a knowledge indexing and retrieval tool,
they can prove to be useful access point into unstruc-
tured digital video data. I-Gesture methodology and a
prototype allows users to (1) define a vocabulary of
gestures for a specific domain, (2) build a digital li-
brary of the gesture vocabulary, and (3) mark up entire
video streams based on the predefined vocabulary for
future search and retrieval of digital content from the
archive. [Fruchter and Biswas, 2007] I-Gesture proto-
type takes advantage of advanced techniques for video
object segmentation and automatic extraction of se-
mantics out of digital video. These techniques are
used to develop well defined, finite gesture vocabulary
that describes a specific professional gesture language
to be applied to the video analysis. I-Gesture can be
used both as an integral part to DiVAS system as well
as an independent video processing module

Speech is a fundamental means of human communica-
tion. Design and construction are social activities. Ob-
servations and evidence show that designers and
builders generate and develop concepts through dia-
logue. The objective is to mine the captured rich, con-
textual, communicative events for further knowledge
reuse. i-Dialogue methodology and prototype: (1)
adds structure to the unstructured digital knowledge
corpus captured through TalkingPaper or RECALL,
and (2) processes the corpus using an innovative no-
tion disambiguation algorithm in support of knowl-
edge retrieval. [Yin and Fruchter, 2006]. i-Dialogue
takes advantage of advanced techniques for voice-to-
text conversion (e.g., Naturally Speaking, MS Speech
Recognition) and text search. As other studies have
shown, text is most promising source for information
retrieval. The information search applied to the au-
dio/text portion of the indexed digital video-audio-
sketch footage results in relevant discourse-text-
samples linked to the corresponding video-gestures.

The DiVAS system provides an innovative cross-media
search, retrieval and replay facility to capitalize on mul-
timedia content stored in large corporate repositories. The
user can search for a keyword (a spoken phrase or ges-
ture). The system searches through the entire repository
and displays all the relevant hits. On selecting a session,
DiVAS will replay the selected session from the point
where the keyword was spoken or performed. It is impor-
tant to note that video and audio/text provide a macro in-
dex and the sketch provides a micro index to large, un-
structured repositories of rich multimedia content. These
streams can be also run independently. The background
processing and synchronization is performed by an applet
that uses multithreading to manage the different streams.
We developed a synchronization algorithm that allows us
to use as many parallel streams as possible. Therefore
there is the possibility of adding more streams or modes
of input and output for a richer experience for the user.
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The value of DiVAS will be most perceptible when the
user has a large library of multimedia sessions and wants
to retrieve and reuse only the segments that are of interest
to him/her. Currently, solutions for this requirement tend
to concentrate only on one stream of information. The ad-
vantage in DiVAS is literally 3 fold because the system
allows the user to measure the relevance of the query us-
ing 3 streams, gesture, verbal discourse, and sketch. In
that sense, it provides the user with a true ‘multi-sensory’
experience. For example, if the user is interested in learn-
ing about the dimensions of the cantilever floor, his/her
search query (e.g. ‘cantilever’) would be applied to both
the processed gesture and audio indices for each of the
sessions. They would serve as a ‘macro index’ to the
items in the archive. Some segments will be identified by
an (1) I-Gesture hit that is cross-indexed with speech, text
and sketch (shown as a thumbnail image), (2) an i-
Dialogue hit marked-up in the text and cross-indexed with
video/audio and sketch, or (3) both an I-Gesture and i-
Dialogue hit cross-indexed with the corresponding sketch.
If there are a large number of hits for a particular session
and the hits are from both audio and video, the possible
relevance to the user is much higher. In this case, the cor-
responding gesture could be one related to width or
height, and the corresponding phrase could be e.g. ‘canti-
lever’ e.g., within a single session or in different sessions.
(Figure 4) The cross-media display of the results to the
query allows the user to make a more informed decision
which is most relevant and replay it to understand and
possibly reuse data, information or knowledge from that
segment.

To evaluate the performance of DiVAS a series of ex-
periments were conducted. The testbed was the archive of
projects from  Architecture/Engineering/Construction
(AEC) Computer Integrated Global Teamwork course
[Fruchter 1999] [Fruchter 2004]. This academic testbed
simulates the collaborative design process and the indus-
try environment. Design knowledge has been archived
and processed by i-Dialogue and I-Gesture. The archive
includes team sessions and individual team member ses-
sions that are consistent with typical design-construction
industry setting. The archive consists of imprecise digital
content together with closely related precise digital con-
tent, such as project websites, project documentations,
and messages posted on the project discussion forum. For
the precise digital content, more than 500 megabytes of
project documents were filtered and mined. Based on the
meta data, such as the owner of the document, the time
stamp of the document, precise digital documents are as-
sociated with the imprecise digital documents as dis-
cussed in the chapter of i-Dialogue, so that the precise
digital documents can be used in the notion disambigua-
tion process. For the imprecise digital content that in-
cludes both voice recordings and video recordings marked
up with gesture labels, 30 sessions from the project ar-
chive are analyzed and processed for the evaluation ex-
periment. The variables in the experiments are: 1) type of
speech transcripts, clean or dirty; 2) whether i-Dialogue is
applied; and 3) whether I-Gesture is applied. There are
three essential aspects for the evaluation methodology: 1)
a benchmark document collection; 2) a benchmark suite
of queries; 3) a binary assessment - relevant or irrelevant -
for each query-doc pair. The evaluation uses the bench-



mark document collection of the speech transcripts docu-
ment collection obtained from the testbed. The bench-
mark suite of queries is manually generated by the authors
who then read through all the perfect speech transcripts as
well as relevant project documentation for each session.
The keywords or phrases that summarize each session
were identified. The queries are constructed from these
keywords and phrases. The binary assessment - relevant
or irrelevant - for each query-doc pair is constructed by
querying the keywords or phrases with the perfect speech
transcripts. The evaluation question is: Will information
retrieval over the dirty text have the results similar to the
information retrieval over the clean text if the dirty text is
updated by I-Dialogue and I-Gesture?

In order to validate the information retrieval improvement
of the cross media relevance ranking, a series of experi-
ments were performed. The speech transcripts archive
was modified into six different cases:

- Case #0: “clean” speech transcripts only — manually
transcribed speech sessions that are used as the com-
parison base

- Case #1: “dirty” speech transcripts only — automati-
cally transcribed speech sessions with transcription er-
rors (e.g., “Cantilever” is transcribed as “can we de-
liver.”)

- Case #2: “dirty” speech transcripts and notion labels

- Case #3: “dirty” speech transcripts and gesture labels

- Case #4: “dirty” speech transcripts, notion labels, and
gesture labels (gesture labels are integrated after I-
Dialogue™ is applied)

- Case #5: “dirty” speech transcripts, notion labels, and
gesture labels (gesture labels are integrated before I-
Dialogue™ is applied)

The query terms are: “architectural constraints”, “height
limitation”, “cantilever”, “tension ring”, “concrete steel”,
“bracing”, “foundation”, and “load path”. The query re-
sults for these six cases are illustrated Figure 5. The query
results are measured using precision and recall metrics.
The relevance ranking sequence corresponding to each
queried notion for all six cases is compared. There are
two ratios used for further analysis: 1) Recall, which is
the fraction of relevant docs that are retrieved; 2) Preci-
sion, which is the fraction of retrieved docs that are rele-
vant. The Recall vs. Precision curve is drawn for evalua-
tion illustration. The case #0 is used as the comparison
baseline. It is located at the top right corner. The case #1
represents the worst case, in which we run query with
dirty text only. The query results score about 50% for
both recall and precision. Using i-Dialogue only, both re-
call and precision can be improved to almost 60% - case
#2. If only I-Gesture is used, the ratio is improved close to
60% - case #3. However, the precision ratio might be
lower compared to case #4, since I-Gesture tends to bring
in both relevant and irrelevant documents. If both I-
Gesture and [-Dialogue are combined to update the dirty
text, the results further improve the recall and precision to
80% - case #4 and #5.
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Figure 4. DiVAS Prototype for Cross Media Capture, Search, and Retrieval.
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Figure 5. Recall vs. Precision Evaluation Results.

5 CONCLUSION

This paper explores the interaction among participants in
a group of project stakeholders and defines governing
communication principles. These translate into (1) a three
dimensional problem and solution space, (2) a model for
reflection in interaction that extends Schon’s concept of
reflection in action, and (3) requirements and innovative
approaches to support (i) seamless transformations from
analog and digital worlds modeled and tested by two pro-
totypes — TalkingPaper and RECALL, and (ii) cross-
media retrieval and interactive replay of multimedia con-
tent in support of global teamwork modeled and tested
with the DiVAS prototype. The value of these concepts
and prototypes indicates opportunities to (1) capitalize on
corporate core competence that resides in its people and
knowledge, (2) extend a building information model
(BIM) to become a rich multimedia building knowledge
model (BKM), and (3) mine the unstructured, rich, mul-
timedia archives that will grow as digital technology be-
comes a ubiquitous part of work, learning, and play.
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COMPARING TRADITIONAL SCHEMATIC DESIGN DOCUMENTATION TO A
SCHEMATIC BUILDING INFORMATION MODEL

Robert M. Leicht, John I. Messner
Architectural Engineering Department, The Pennsylvania State University, USA

ABSTRACT: The use of Building Information Models has recently moved to a focal point in the Architecture, Engineer-
ing, and Construction (AEC) Industry. While there has been much attention on the added value of the modeling process,
little focus has been given to the documentation and project requirements in the early stages of the design.

This research focuses on a case study project of the new Dickinson School of Law (DSL) building at Penn State Univer-
sity. The research identifies the areas which provide added value through the use of BIM at the Schematic Design (SD)
stage for communication of information and the manner the information is obtained. The focus of the paper, however, is
on the issues that arise in how building geometry, building information, and building analysis and simulations are
viewed and their potential impact on the Schematic Design phase of a project. To conduct this research, the completed
Schematic Design documentation, including drawing system descriptions, and preliminary specifications, was obtained
for the DSL building. This Schematic Design information was then converted to a Building Information Model and in-
formation related to different building components was incorporated. An analysis was performed, based on the Univer-
sity’s design requirements, to assess the information that can be incorporated and utilized. Feedback through inter-
views was also documented to define the perceived value of a Schematic level BIM for the project. The conclusions
identify the likely value that a project owner can derive from instituting schematic design BIM requirements and con-
siderations when defining the scope of BIM requirements for Schematic Design. The results of the model analysis and
the interviews are presented in the paper.

KEYWORDS: building information modeling, BIM, schematic design, visualization, case study.

1 INTRODUCTION stage is intended to demonstrate three key items: 1) the
visulization techniques within each representation; 2) the
Building Information Modeling has become a topic of method for information retrieval in each representation,
great interest throughout the Architecture, Engineering, and 3) the information that may not be incorporated
and Construction (AEC) Industry. Building Information  within one of the representations.
Modeling (BIM) is the process of designing, analyzing,
integrating, and documenting a building’s lifecycle by
developing an intelligent virtual prototype of the building
using a database of information. The attention on BIM

has been highlighted through mandates from government

agencies, such as the General Services Administration I the traditional building design process there are several
(GSA) in the US and its counterparts in several European phases of design through which a project progresses. The
countries (GSA 2006). Now that BIM has captured the — eXact number of phases and their titles are not universally
attention of the industry, much of the current research has ~ agreed upon; however, the American Institute of Archi-
moved in the direction of demonstrating the value of BIM  tects (AIA) standard architecture design contracts in the
(Bazjanac 2003; Messner, Riley et al. 2006) and the inter- US define three phases: Schematic Design, Design De-
operability of software to make the applications more velopment, and Construction Documentation (AIA 1997).
practical (Tanyer and Aouad 2005; Tse, Wong et al. Though exact language may vary between firms and cul-
2005). Another key direction of research is identifying tures, for the purposes of this paper the first design phase
how the changeover to BIM will impact industry practice. ~ Will be referred to as Schematic Design (SD). One of the
The focus of this paper is to identify the differences be- ~ challenges to comparing documentation at the SD phase
tween BIM and traditional design by comparing docu- is the ambiguity in the definition at this stage. AIA Con-
mentation of design outputs at the completion of the tract Document Bl41, Section 2.2.4 defines Schematic
Schematic Design phase to a representation of the Sche-  Design documentation with the following language:

matic Design in the form of a BIM. Comparing the differ-  “Based on the mutually agreed-upon program, schedule,
ences between a BIM and traditional documents at this  and construction budget requirements, the Architect shall

2 LITERATURE REVIEW
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prepare, for approval by the Owner, Schematic Design
Documents consisting of drawings and other documents
illustrating the scale and relationship of Project compo-
nents.”

The Architect’s Handbook of Professional Practice, pub-
lished by AIA more clearly explains Schematic Design
(SD) as the increment of design to “establish the general
scope and conceptual design of the project, and the scale
and relationships among the proposed building compo-
nents.” The explanation goes on to list the deliverables
which might include: plans, sections and elevations, per-
spective sketches, study models, electronic visualizations,
and a statistical summary (AIA 2002). The list proposed
is a guideline of potential deliverables which needs to be
more specifically defined for each project. Defining what
constitutes a set of standard SD documents for the pur-
pose of comparison with a BIM at the same stage of de-
velopment poses a notable challenge. This paper explores
the topic through a case study approach.

The project chosen was being performed for Penn State
University’s Office of Physical Plant (OPP). OPP has a
well defined set of submittal requirements for each stage
of the design process. The primary submittal requirements
include specific requirements and scales for plan, section,
and elevation drawings for the project, as well as identifi-
cation of major systems and materials, a description of
how each system will work, and a statistical summary of
the design areas. From the viewpoint of an OPP project
manager, the submissions rarely have problems because
of OPP’s well defined requirements (OPP 2007). The
definition enables them to move directly into reviewing
the content of the submission, such as the aesthetics of the
building or potential constructability issues (OPP 2006).
The value of this information is a clearly defined set of
expectations to compare through these consistent and
typical documents in an OPP project at this stage.

3 CASE STUDY INTRODUCTION

The project analyzed for this study is the new Dickinson
School of Law (DSL) Building being constructed at the
University Park campus in Pennsylvania, US. The DSL
building contains four floors with an 10,500 square me-
ters (113,000 square feet) building footprint. The building
will include a green roof in support of its Leadership in
Engineering and Environmental Design (LEED) certifica-
tion goal along with three terraced 75-seat classrooms, a
50-seat courtroom, a 250-seat auditorium, a café, and
gathering space on the first floor. The second floor will
host 19 offices, three seminar rooms, a faculty lounge,
law review offices and a conference room. One of the
unique interior architectural features is a glass enclosed
library with its own group study rooms and offices. The
library continues into the third floor where the main book
shelf area is hosted. The third floor also boasts additional
faculty offices, study rooms, and conference spaces. The
lower floor will have a tiered classroom, library storage,
along with the buildings mechanical support and janitorial
space (Dickinson School of Law 2007).
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4 RESEARCH METHODOLOGY

A detailed review of the SD documents along with a
comparison to a SD level BIM was performed to identify
the differences in information in each representation and
the new considerations in developing design scope when
using BIM. To identify the differences, a basis of com-
parison was needed. The BIM representation was devel-
oped to make a comparison to the traditional documenta-
tion. It also served to identify the perspectives of industry
members to better evaluate the range of issues related to
the use of BIM for SD.

4.1 Comparison criteria

The first research step was to define the standard Sche-
matic Design documentation. The standard submission
requirements for OPP served as a basis for this research.
In addition to specific drawing requirements, OPP has
additional documented goals for the review of the SD
documents. The additional goals from OPP include:

1. Constructability review

2.Spatial program verification

3.Sustainability review

4.Presentations to user groups

These goals aided in the identification of the aspects of
the model which should be defined in the BIM. To work
towards these goals and to gain the best value of the proc-
ess, the conversion to BIM focused mainly on the Archi-
tectural and Mechanical systems. The conversion was the
next step following the development of the comparison
criteria.

4.2 BIM development

The next step was to develop the Building Information
Model through a conversion process. A “2D Conversion”
is using the traditional design documents or CAD files
and using the necessary information to incorporate the
third dimension (AGC 2006). The time and effort needed
to perform a conversion changes depending on the level
of detail incorporated and the experience of the modeler.
When the design CAD files are available, as with the DSL
project, they can be inserted into the BIM authoring soft-
ware and the BIM is drawn over the original 2D plans.
The use of the CAD files simplified the geometrical mod-
eling of the project.

One potential value of a BIM over a traditional 2D docu-
mentation of the design is the ability to easily perform
additional analysis tasks such as energy, daylighting, con-
struction scheduling, and quantity takeoffs (Messner, Ri-
ley et al. 2006). To investigate this value, the model was
used to perform an energy analysis via the Green Building
Studio (GBS 2007). Energy modeling was chosen be-
cause of the LEED goals of the project and the impor-
tance of the mechanical systems and energy performance
as components in LEED certification.

4.3 Identification of differences

The third step was to identify the differences between the
more traditional SD documents and the BIM. This was
achieved using three methods. The first was through an



analysis of the development of the model. The CAD files
for the 2D design documents were imported into an archi-
tectural BIM authoring software, for this project Auto-
desk Revit Building and Systems. Using the 2D drawings,
the 3D geometrical aspects of the model were developed.
From the preliminary technical specifications developed
by the design professionals, additional information such
as finish materials was incorporated into the model. The
conversion of the design into a 3D model aided in the
identification of geometrical challenges which do not
readily present themselves in traditional 2D documents.
The development of the model and the incorporation of
project information into the model very quickly indicated
some simple differences in the way information can be
found or viewed.

The second method used to identify differences was a
detailed comparison based on OPP’s submission criteria
using an evaluation matrix, shown in Figure 1. The first
column is dedicated to the traditional design documents
and was used to identify the form of the information. The
second column is dedicated to the BIM which was devel-
oped. The second set of columns focuses on the informa-
tion in the BIM and aids in identifying the differences in
the information and the manner in which it was obtained.
The comparison of the two columns also served to iden-
tify information which was not represented in one of the
two forms of media.
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Figure 1.

The third method for identifying the primary differences
was to perform interviews with three project participants
or related professionals to identify their perception of the
differences between the two representations. The inter-
view subjects were asked questions related to the qualtity
of the visual representations of the design, the potential
added value of any additional information, and the poten-
tial process changes that may need to occur to use a BIM
approach to SD. They were also asked what impact mov-
ing to BIM could have on their role in a project, and to
their interaction with other project team members.

5 RESULTS

The identified differences between the 2D and BIM
methods for schematic design can be categorized into
three categories: visualization of geometric information,
data availability for further analysis, and the existence of
information. Some examples clearly illustrate a difference
in the way information was obtained and presented be-
tween the two media. Additional results identify the
methods that contain information which is contained in
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one form but not the other. Figure 2 shows the areas of
the identified differences visually from the requirements
matrix.

View | Traditional Documents |Building Information Model

Plan

System

HVAC

Elevation

Section

N/A

N/A

Energy | Quantities

Figure 2.

5.1 Differences in visualization of geometrical informa-
tion

One of the primary expected differences when developing
the BIM was in the geometrical information; the BIM
allows for multiple, and dynamic, 2D and 3D views of the
building, while the traditional documents have purely
predefined 2D views as shown in Figure 2. The impact of
this difference would depend on individuals’ abilities to
interpret and visualize from 2D or 3D images, but it was a
difference focused upon by the interviewees. Other in-
formation found to be visualized in a new way in the BIM
included textured finish materials, color coded mechani-
cal zones, and customized views, such as the 3D perspec-
tive of the mechanical system in Figure 2.

5.2 Differences in obtaining data from the design

Obtaining data from the two design representations was
also found to be notably different. For the traditional 2D
document representation, one would need to become fa-
miliar with the coding system for the drawings or specifi-
cations, and then find the correct drawing or page in the
specification to gain the desired information. With the
BIM, the user can open a properties window for a given
element to find the aspect they wished to know. This re-
quires familiarity with the computer application or an
experienced user. An example from the requirements ma-
trix is the information pertaining to the mechanical
equipment. From the traditional documents the user



would need to find the different piece of equipment on the
drawings, identify the meaning of the letter designation
from the definitions and symbols drawing, and then find
the equipment information in the preliminary specifica-
tion. This information is located on three different pages
in the SD documentation. Using the BIM, the user can see
certain properties, such as component pieces, from the
plan view. The user could also open the properties of the
equipment from the floor plan and the detailed air flow
information or other critical data is readily available. The
user also has the option to develop an equipment schedule
by automatically generating one within the BIM software.
In addition, other schedules of information can be gener-
ated from the model. An area or volume takeoff, as shown
in Figure 3, can be generated to save time in the estimat-
ing process and to provide accurate area information to
the owner.
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Ground Zone & JEIEF 7727042 4041 TICF
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Ground Zone 7 1831 SF | 172 -4 11/3 | 29287 15 CF
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Figure 3.

5.3 Information not contained in traditional documents

The traditional 2D design representation for this case
study contained all of the required information for the SD
submission to the owner. However, there was information
which could be seen in, or generated from, the BIM
which could not be identified from the 2D design repre-
sentation. The BIM can offer views of the building me-
chanical zones, such as those in Figure 4, or the “thermal
view” of the building (Bazjanac 2005). An energy analy-
sis performed which was relatively easily performed on
the BIM could not be performed from the design docu-
ments without extensive manual data entry. Exporting the
model geometry and thermal properties, and evaluating it
using energy analysis software generates information
about systems costs for the building, temperature infor-
mation at different locations, and a visual model of en-
ergy flow which enables clearer communication about the
issues and design aspects of the mechanical systems,
which can be seen in Figure 5. Similar analyses are possi-
ble for structural systems, lighting and daylighting sys-
tems, among many others. The traditional design repre-
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sentation contains the expected achievable LEED points,
which suggest the potential energy savings, but the BIM
actually allows an analysis of the energy usage to give
more information and other visual feedback to validate
potential energy savings.

Figure 5.

5.4 Information not contained in the BIM

Another result from this research was the identification of
information expected in the SD submission which was not
easily incorporated into the BIM. A notable example for
this project was the system descriptions. With early de-
sign submissions there is a narrative requirement to ex-
plain the overall system function and intent. It provides a
basis for the evaluation of the system before it is fully
developed. The BIM authoring applications had no prac-
tical location to incorporate this information. The soft-
ware has the capability to add or link text to individual
elements, but no predefined location could be easily iden-
tified for systems level or overall descriptions. There may
be other BIM authoring applications that better support
this type of documentation.

6 DISCUSSION

Most of the results determined during the comparison
validate previous research results concerning the added
value of using BIM on a project. The results indicate the
potential for clearer communication, whether it is through
better understanding of the systems, visualization of com-
plex building geometry, or simplifying how building
spaces are zoned such as color coding the rooms by me-
chanical zones. There is also the added value of the com-
putational aspects of the model, such as generating square
foot data to save manual takeoffs and calculations
(Ibrahim and Krawczyk 2003). The true value of this
comparison, however, was focused on the impact to the
Schematic Design phase.



6.1 Geometrical information and systems coordination

The impact of using BIM during Schematic Design was
identified for several areas. The move to using BIM dur-
ing SD for the major systems design makes systems coor-
dination more of a necessity than in traditional documen-
tation. The owner’s project manager pointed out the strict
guidelines which they have for submissions allows for
their review to focus more on the building through spatial,
aesthetic, and constructability issues (OPP 2007). The
review documents provide feedback on how to develop
the design further in the next phase. Moving to a BIM in
this stage would make physical conflicts of the systems
more obvious (AGC 2006). An independent mechanical
designer, upon reviewing the model and documents,
commented that BIM would “bring designers to a consis-
tent level.” He continued to explain that in traditional
documents different designers may devote energy to de-
veloping different areas of the project. Using BIM would
allow the designers to see what areas the other team
members were developing and encourage them to make
sure they had enough information and design components
in a given area that they could minimize conflicts and
rework of the design in the future. The coordination of the
systems was a major change found for the use of BIM in
the schematic phase.

6.2 Level of detail

The other challenge when developing a BIM at this stage
is planning what level of information and detail to dis-
play. One of the key points in any Penn State building
project is its presentation to the Board of Trustees. Typi-
cally, renderings of the building are employed to more
clearly demonstrate the final appearance of the buildings
presented. Many times, OPP has been questioned about
physical features of the building when it was complete
that were not demonstrated in the renderings presented to
the Board. On a recent building, some of the mechanical
equipment was visible on the roof when the project was
complete. The Board raised the point to OPP that the
equipment was not shown in the rendering presented to
them at the end of Schematic Design (OPP 2007). A more
accurate BIM containing representations of all compo-
nents would have clearly illustrated this equipment in a
3D view.

Another example identified by the mechanical designer
during his interview was how electrical wiring would be
displayed. On traditional electrical drawings, a drawing
indicates electrical devices on a circuit and then shows a
“home run” which is typically an arrow pointed in the
direction of the relevant electrical panel with text to
clearly define the panel and circuit. Moving to designing
in BIM creates the issue of whether or not to show every
electrical conduit, or just certain conduit runs. If only cer-
tain conduits are shown, then what are the criteria for
showing them or having a simpler indication of their loca-
tion in the design? The applications which are appropriate
need to be determined for each application (Fischer and
Kunz 2003). Information which is not displayed or dis-
played inaccurately may be as important as the informa-
tion which is shown in the model.
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6.3 Converted to BIM, not designed in BIM

One of the challenges for this comparison is that the BIM
for this case study was developed through a conversion
process after the SD documents were complete. It pro-
vides a comparison of exactly what is shown in the draw-
ings to how it would be represented in a BIM, but does
not allow for the changes in how the design would be
developed differently if it was created using BIM applica-
tions. In some instances it allows for the opportunity to
identify where information was not contained in the SD
documents that was needed to create the BIM, such as
depth or elevation of ductwork. A key example of this
was when the construction manager (CM) pointed out an
error in the model. In the lower level of the building there
is a large air plenum. The SD documents do not provide
the depth of the plenum on the drawings, so the depth was
approximated from an attached riser when developing the
model. The true plenum, from the CM’s knowledge using
the more updated drawings, is roughly three times as deep
as it was shown in the model. Despite the identified dif-
ferences in information displayed, the conversion does
not provide for how the design process changes when
design professionals use BIM authoring applications.

6.4 Forms of visualization

Another challenge in the comparison was the actual form
of visualization which was used. The traditional docu-
ments were viewed by the interview subjects in the large
scale paper format. To view the BIM, interview subjects
where brought into the Immersive Construction Lab and
they viewed the model on a 3-screen projection system
(Otto, Messner et al. 2005). The ability to identify some
of the differences could be attributed to the format of the
display, and not entirely to the different form the informa-
tion actually took on. If the subjects had viewed the
model on a single screen desktop, they may not have
identified some of the geometric elements as quickly or
clearly as they had on the large displays. The issue of how
to properly view a computer model is another issue which
cannot easily be resolved in this comparison.

The comparison provided feedback concerning the differ-
ences in the information that could be presented and how
it was obtained. The challenge for this comparison was
that it was sometimes difficult to compare the two differ-
ent design representations at this stage, one developed
traditionally and one developed using BIM. It would not
be practical to develop a comparison of two projects de-
signed using the alternate representations, the two pro-
jects would have two unique designs. The development of
the BIM after the design makes it challenging to compare
the differences in the process, but allows for differences
in the possible end results.

7 CONCLUSIONS

This paper has identified three primary differences in de-
sign representations between traditional 2D documents
and BIM for representation the Schematic Design infor-
mation. The differences identified in this case study lead
to an important question, what should or should not be



incorporated into a BIM at this stage of design. The an-
swer is not a simple one. Each project will require differ-
ent information to be incorporated depending on the indi-
vidual goals of the project and the different interests of
the owners. The mechanical interviewee pointed out that
using the software would enable more thought and energy
into the maintenance aspects of the building. The example
he used was changing the fan in an Air Handling Unit
(AHU); using the BIM would allow the visualization of
the process of moving the necessary component through
the building to identify if there was a clear path, and
whether the component piece of the AHU was readily
accessible to make the change. The software also enables
the incorporation of a variety of other information and
visualization which is not readily available in traditional
2D drawings, such as structural or lighting analyses. The
challenge for each project will be to identify what aspects
should be modeled, what level of detail needs to be
shown, and how much information or intelligence the
components should have.

7.1 Changes to design

One definite change when using BIM is that the designers
would need to incorporate more information into the de-
sign sooner than with traditional design. The use of BIM
facilitates the need for certain assumptions to be made,
such as the wall type to be used. In the traditional docu-
ments submitted, the wall types are only indicated for
certain walls, such as the curtain wall. The rest of the
walls indicate a thickness in the drawings and finish mate-
rial in the specifications. To use that same wall in the en-
ergy analysis of the BIM, it needs to have thermal proper-
ties assigned. The thermal properties may be default as-
sumptions the software has built in, but the feedback from
the analysis is more beneficial if the designer inputs val-
ues. The designer can choose whether to use an actual
wall assembly with a known thermal resistance, or use a
generic wall and assign the expected thermal value. The
need for assumptions provides guidelines for the other
system designers to work from, but can have negative
consequences if they are not properly revised as the de-
sign develops (Ibrahim and Krawczyk 2004). If the final
wall type assigned has less thermal resistance than in the
early design model, the mechanical system may be under-
sized and the space adjacent to the wall will have greater
temperature variations.

Also, using BIM the designers would be encouraged to
spend more time coordinating the designs than with tradi-
tional design documents because conflicts could be more
quickly and clearly identified. From OPP’s perspective, if
the designers could identify these conflicts, then they
should be able to resolve them before presenting those
aspects of the design. The incorporation of information
and additional geometry poses a challenge to owners in
what to ask of designers when transitioning into BIM.

7.2 Timeline of design

Despite the increased information and geometry, there
may still be potential time savings from BIM use within
the Schematic Design phase. The most valuable aspect
cited in the interviews for this stage of the project was the
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computational aspects. From the CM perspective it would
be a time savings in generating area and quantity takeoffs
for the estimate. The mechanical designer would be able
to more quickly develop the loads and system require-
ments. The owner could very quickly validate their pro-
gram requirements, display the information more clearly
to the end users, or perform more thorough maintenance
and upkeep analysis. The conflicts raised through the de-
sign coordination would require more time to work out
the solutions, but the conflicts would be simple to identify
using clash detection software. The time savings of the
parametric modeling of building components also helps
balance added information requirements (McDuffie
2006). The balance of time savings using the computa-
tional aspects of the model versus the added time of in-
corporated information was beyond the practical scope of
this comparison but would be a valuable area of future
research. The time to develop a design using a BIM could
increase or decrease depending on what is required and
what is incorporated into the model.

All of these items contribute to a potential front end load-
ing of the design process. Incorporating all of the infor-
mation and design necessary to reach the same point as
with traditional SD documents requires the design team to
put more energy into the 3D aspects, the coordination
with the other design elements, and decisions about the
level of detail and information to incorporate. However,
the resulting BIM should save coordination and develop-
ment at later stages of the project. The key will be to work
out for each project what is the appropriate level of detail
and information to incorporate at this early stage.

8 FUTURE RESEARCH

Using the same project, further research will be per-
formed on the value of BIM and related visualization
technology throughout the Design Development, Con-
struction Documents, and Shop Drawing phases. Re-
search related to the phases of development for BIM will
also be performed to more clearly delineate the phases
using BIM and compare these to the current documenta-
tion oriented design process. Another area will be to de-
velop guidelines based on project goals and requirements
to help simplify the decision process on the level of detail
and information to incorporate into a BIM.
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ABSTRACT: The goal of the single building information model has existed for at least thirty years and various stan-
dards have been published leading up to the ten-year development of the Industry Foundation Classes. These have been
initiatives from researchers, software developers and standards committees. Now large property owners are becoming
aware of the benefits of moving IT tools from specific applications towards more comprehensive solutions. This study
addresses the state of Building Information Models and the conditions necessary for them to become more widely used.
It is a qualitative study based on information from a number of international experts and has asked a series of questions
about the feasibility of BIMs, the conditions necessary for success, and the role of standards with particular reference
to the IFCs.

Some key statements were distilled from the diverse answers received and indicate that BIM solutions appear too com-
plex for many and may need to be applied in limited areas initially. Standards are generally supported but not applied
rigorously and a range of these are relevant to BIM. Benefits will depend upon the building procurement methods used
and there should be special roles within the project team to manage information. Case studies are starting to appear
and these could be used for publicity. The IFCs are rather oversold and their complexities should be hidden within sim-
ple-to-use software. Inevitably major questions remain and property owners may be the key to answering some of these.
A framework for presenting standards, backed up by case studies of successful projects, is the solution proposed for
better information on where particular BIM standards and solutions should be applied in building projects.

KEYWORDS: building information models, standards, IFC, CAD, cases, benefits.

1 INTRODUCTION use the standards compliant tools that are becoming avail-
able.

Representation of all the information needed to describe  While CAD systems facilitating the production of 2-D
buildings throughout the whole design, construction and drawings were being taken into widespread use some re-
management process has long been an objective for those  gearchers and system developers started to envisage more
applying information technology in building (Eastman  advanced building representations, which could solve
1999). The use of computers to replicate traditional ways  some of the more demanding data sharing functions that
of representing building information: 2-dimensional  graphics-oriented CAD systems cannot. The software
drawings, perspectives, engineering calculations, quanti- technology which seemed to offer the solution to this was
ties, management networks and costs, has been easier o gbject-orientation, where the information packets that the
achieve via separate applications, while it has long  goftware manipulates are created based on predefined
seemed that an integrated model should be possible. The  (|asses. This paradigm is currently in wide-spread use in
object-oriented tools to build such a model have now been  {he computing industry both in programming languages
available for some time, but the need to integrate the 4ud also as an organising principle for systems develop-

many people involved in the process, and the ways in  ment (Martin & Odell 1992), and is particularly success-
which their information is organised, have been a limita- ] in the creation of more complex applications.

tion on the widespread use of Building Information Mod-
els. Standards are critical when communication between
different specialists, internationally and over long periods,
takes place. The most ambitious programme for standard-
ising object models of buildings, the Industry Foundation
Classes (IAI 2007), has been developing for over ten
years and the resulting protocols have still mainly been
applied in test projects only. There is now an awareness
of the cost of not having interoperability and some major
building clients are starting to encourage their teams to

Digital building descriptions using objects which belong
to predefined classes have usually been called building
product models (Bjork 1989), although some software
vendors have recently coined the new term building in-
formation model (BIM) for essentially the same thing.
The research concerning such models was envisaged as
early as in the late 1970’s (Eastman 1978) but started to
gain more momentum around 1985, when the ISO STEP
standardisation project started. STEP stands for Standard
for the Exchange of Product Data (STEP Tools 2007) and
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tries to solve the data exchange needs of a large number
of manufacturing industries. Early attempts at building
standardisation within STEP included the global AEC
reference model (Gielingh 1987) and the Building Sys-
tems Model (Turner 1988).

In the mid 1990s the product modelling standardisation
for the building domain was taken over by an industry
consortium called the International Alliance for Interop-
erability (IAI). The first version of the Industry Founda-
tion Classes (IFC) was issued in 1997. Although there are
some software applications which have been implemented
based on the IFCs, and these have been tested in a number
pilot projects (Fisher et al 2003), neither the standard nor
product modelling are widely used in practice. There are
also highly differing views among researchers as to the
optimal structure of BIM-models (for one viewpoint cf.
Amor and Faraj 2000).

A growing awareness of the importance of the manage-
ment of the standardisation and adoption processes for the
eventual success of BIM, has led us to initiate a study of a
number of standardisation projects of central importance
to the use of IT in construction. This work has first focus-
sed on the basic level of standardising CAD drawings,
ISO 13567 — Organisation and naming of layers for CAD
(ISO 1998), and secondly on the more ambitious level of
integrated modelling of construction information as ob-
jects, with particular reference to the IAI Industry Foun-
dation Classes.

CAD layering was the subject of the first part of this pro-
ject. This study used a combination of literature review
and survey with domain experts and has been reported
elsewhere (Howard & Bjork 2007). The main results were
that CAD layer standards based on ISO 13567 have been
implemented, particularly in northern European countries,
but are not very widely used. A major problem which was
identified was the lack of resources for marketing and
implementing the standard as national variations, once it
had been formally accepted.

There are also other initiatives, particularly those associ-
ated with proprietary CAD systems, and the objective of
the study reported in this paper was to identify the factors
that make these initiatives more or less successful. Sev-
eral case studies of trial BIM projects have been reported,
for example from Finland (Kam 2003) and Hong Kong
(Tse 2006), but, to get a broader view, we decided to
carry out a qualitative study using experts from different
countries to give their informed opinions on the state of
BIM/IFC models and their usage. 18 experts from 7 dif-
ferent countries responded to structured email questions.
In addition a workshop with six leading international BIM
experts was arranged in August 2006 and one expert was
interviewed in person, the interview being recorded. The
comments have been analysed and a synthesis of the
views is presented in this paper.

Recent experience of trial projects and a growing aware-
ness of this technology by large client groups have led to
some particularly influential papers being written about
the state of BIM. These written sources have also been
used as an input to this paper. A study by the US National
Institute for Standards and Technology (NIST 2004) has
estimated that the cost of not having interoperability in
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the US Capital Facilities industry is about $15.8 billion
per year. This has stimulated new initiatives there to de-
velop a National Building Information Modelling Stan-
dard, driven by large client bodies such as the GSA which
commissions federal buildings. In Finland, there has been
a major commitment by the public sector and large con-
struction process stakeholders to IFC usage. One of the
leaders of the Finnish initiative, Prof. Arto Kiviniemi,
recently presented an informed and critical view of IFC
developments at the Toronto CIB conference (Kiviniemi
2006). In the UK the fifth terminal at Heathrow Airport
has been a target project for building modelling and a
leading consultant to the project, Mervyn Richards, has
summarised the need for changing business processes
rather than just promoting superficial differences in tech-
nology (Richards 2006). These and other discussions have
raised awareness of the need to apply appropriate tech-
nologies and standards that can be adopted easily by
companies that already have most of the communications
and computing facilities necessary.

In addition to case study reports, one important source of
information is provided by a number of recent surveys of
industry uptake and perceptions of BIM. A survey of Vir-
tual Design and Construction and BIM in the US was
being carried out at CIFE using a web survey (CIFE
2006) At 1st November 2006 it had 39 responses from
AlIA, CIFE and CURT members and had reviewed 32
projects. The analysis suggested that Virtual Design &
Construction / BIM was being used in all phases of design
and construction. It now addresses key process problems;
most respondents perceive high value but cannot quantify
benefits and there are established programs for future
expansion but also impediments which should not stop
progress. The IT Barometer surveys of three Nordic coun-
tries were carried out in 1998 and 2001 (Howard,
Kiviniemi & Samuelson 2002) and showed low aware-
ness of CAD standards and virtually no use of BIM. This
is due to be repeated in 2007.

In January 2007 The Finnish Funding Agency for Tech-
nology and Innovation commissioned a web survey
among persons listed on the mailing list of their construc-
tion industry R&D programme SARA. In total 86 com-
pany experts answered the survey (Kiviniemi 2007).
From the viewpoint of this study the key question was:
"Has your organization participated in projects where the
participants utilized shared product models". Among the
design companies a majority (76 %) had used products
models (52 % in under 10% of projects, 22 % in 10-60 %
of projects and 2 % in over 60 % of projects). The corre-
sponding figures for other types of companies including
contractors was 45 % overall YES with a detailed break-
down of 33 %, 9 % and 3 %. Interestingly Product model-
ling was the clear top priority for increasing ICT use in
the next two years among designers (85%), whereas the
other stakeholders had project extranets for document
management as top priority (40%). The results from this
study cannot be extrapolated directly to the industry as a
whole, since companies (and experts) on this mailing list
represent the most innovation-oriented in the Finnish con-
struction industry. However, the results indicate clearly
the current development trend in Finland.



2 METHODOLOGY

Broadly-based, quantitative surveys in the construction
industry on IT-use have until recently showed widespread
ignorance and little usage of the IFC standard. In order to
find the critical success factors for implementation and
use, it was decided to carry out a qualitative study based
upon the views of a number of experts including those
defining and implementing standards, end users and prop-
erty owners wishing to enforce them. A small number of
questions were asked by email on the potential for BIM
generally and the specific contribution of the IFCs. Re-
spondents were told that their views would be reported
anonymously and that they could reference relevant pa-
pers or web sites. They were offered copies of the analy-
sis when it was complete. The emails were collected dur-
ing autumn 2006. The questions are shown in Table 1.

Table 1. The study questions.

General BIM questions IFC specific areas

6. The timing and duration
of the standardisation effort
in relation to the general
technical development of
BIM technology

1. Is it possible to create Building
Information Models which can con-
tain and coordinate most of the data
needed for design, construction and
management of buildings?

2. What should be the role of stan-
dards, both formal and de facto, in
the definition of BIMs, that can be
used nationally and internationally?

7. The resourcing and
management of the techni-
cal IFC definition work

8. The simplicity versus
complexity of the standard

3. Do these standards already exist or
are new ones needed, and who
should develop, implement and pro-
mote them?

9. The question of freezing
versions of the standard for
longer periods

4. What benefits will result from
applying standardised BIMs, and to
which members of the building team,
including owners and facility manag-
ers, will most benefit accrue?

10. The resourcing and
management of informa-
tion about the standard

11. The development of
IFC compliant software by
vendors and related quality
issues

5. What changes are needed to the
building design, construction and
management processes to ensure that
BIMs provide the greatest benefits?

12. The commitment of
major client organisations
and construction compa-
nies to the standard

By the end of 2006 18 responses had been received from
experts in 7 different countries: Denmark, Hong Kong,
Holland, Norway, Sweden, UK and USA. The greatest
number was from Sweden and UK. Professional back-
grounds were approximately divided equally between
architects, engineers, contractors and IT specialists, with
about half of these having academic posts. Their re-
sponses were grouped according to the questions posed
and common elements or differences noted and particular
insights or recommendations recorded.
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Analysis of the responses

1. Is it possible to create comprehensive BIMs?

Predictably all the responses were qualified, and about
equal numbers fell into the “Yes, but ..."” and ‘No. but...’
categories. Other responses were that it is theoretically
possible or that information modelling is nothing new.
The reservations were mostly about the lack of defini-
tions, which the IFD library project aims to solve, and the
lack of good software, with CAD vendors using the term
in their own ways. BIM has become an important topic in
the US and some managers are said to be ‘going for
glory’ by attending meetings of the NBIMS. Most uses of
BIMs are in specific areas with contractors using it for
spatial coordination of projects and briefing trade contrac-
tors. The single building model is seen as cumbersome by
some and will need to be used in conjunction with other
forms of data. The Information Delivery Manual being
developed in Norway should help implementation. It may
be easier to coordinate through a single database and to
keep the geometrical model simple. The single BIM has
been a holy grail but it is doubtful whether there is the
will to achieve it.

Key statement: The Building Information Model may be
have to be used first in specific areas.

Key question: Which areas of BIM will current interest by
property owners ensure become used?

2. The role of standards, both formal and de facto, in the
definition of BIMs

When Alvar Aalto, the famous Finnish architect, was
asked about dimensional standards he said that his office
module was ‘about a millimetre or less’. Predictably the
respondents to this question all believed in standards but
differed as to what should be standardised, how formal
standards should be and whether they were likely to be
observed. The ability to transfer information digitally
throughout the building process has emphasised the need
for standards. For wide recognition it was felt that they
should be formalised internationally by ISO, but that de
facto standards which were widely used should be capa-
ble of formalisation. The European approach was said to
be irrelevant to the US where the industry is more disor-
ganised and only procurement standards have any legal
status. Diverse and changing project teams depend upon
standards. Common libraries should be usable by differ-
ent BIMs. Proprietary standards are suspect and de facto
ones, while faster to produce, often leave out essential
elements. Standards should not be a barrier to creativity
and innovation. They may apply to: language, products,
elements or processes. Those relevant to construction
mentioned  include: IFC, IFL ISO 12006-3
(Barbi/Lexicon), IDM, CIS/2 steelwork, GML city mod-
els, UN/CEFACT business, Process Protocol, Uniclass
and Avanti. On the question of timescales most were pes-
simistic about widespread usage, even nationally, and
questioned whether the lead was coming from the US or
Europe. The critical factor was whether the intended
beneficiaries of BIM standards appreciate the commercial
need.

Key statement: Standards are nominally supported, are
most effective nationally, but need ISO endorsement.



Key question: Are property owners aware of how suitable
BIM standards could benefit them?

3. Do the standards already exist, and who should de-
velop, implement and promote them?

Many standards relevant to BIM exist but there is a lack
of a framework into which they fit. The IFCs are the ones
to be encouraged but could be improved. If all software
were compatible with these might there be no need for
any more? BIM standards are poorly marketed and in-
complete. They need to be seen to be used by the top
firms and should have support from clients, industry bod-
ies and governments. Development should be by experts
from the construction industry with implementation by
software companies. Some believe that useful standards
do not exist and any new development should start from
an unchanging metaphysical structure and ideas. More
work is required in classification and data definition. Ob-
ject libraries, according to ISO 12006-3, are being devel-
oped in the Netherlands and their standard, NTA 8611, is
being proposed to ISO TC59/SC13 as an international
standard. There is no standard for modelling structures. In
Hong Kong the architects lead the BIM process but engi-
neers have little incentive to follow. There is a lack of
modelling standards for facility management.

Key statement: A framework is needed into which all
BIM standards can fit, including data definition.

Key question: How should such a framework be defined
to include all phases of construction and the future?

4. What benefits will result to whom from applying stan-
dardised BIMs

Almost no one questioned that benefits from BIMs were
achievable and to all involved in the process. There were
a few examples of savings achieved on individual projects
and the NIST report (NIST 2004) was often quoted, and
suggests that 2% greater efficiency could be achieved
immediately and 10% after a few cycles. The main bene-
ficiary would be the client followed by the facility man-
agers, but all in the supply chain could benefit. One prob-
lem is that work by one member of the project team might
benefit another and benefits ought to be shared by all. The
greatest benefit from BIM would accrue over the lifetime
of the building hence Private Finance Initiative projects,
tendered for construction and operation over many years,
might gain most.

All these potential benefits depend upon the people and
software being used. In the US 4D software combining
3D models and project management was having an im-
mediate impact, and combinations such as Google Earth
and SketchUp were successful in visualising buildings on
their sites. The type of procurement is a factor, with fixed
price contracts using BIM benefiting the contractor but
design and build less likely to do so. In the UK the Heath-
row Terminal 5 and Stansted Endeavour House projects
showed benefits to the whole supply chain, but this only
applies to single solution projects with interoperability
and use of standards. Some other projects have shown a
100% increase in profits. Manufacturing industry has
achieved over 30% savings from integrated IT but this is
unlikely to be achieved in construction. In Europe produc-
tivity in construction is rising at only 10% of that in
manufacturing. No one provided information on the cost
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of setting up, training staff and applying BIM systems,
and this is an area that should be explored further.

Key statement: Distribution of any benefits from BIM
will depend upon type of procurement and responsibility
for operation of facilities.

Key question: What have been the costs and benefits of
the projects already applying BIM?

5. What changes to the process are needed to ensure
BIMs provide the greatest benefits?

It was generally agreed that major changes were neces-
sary but perhaps the BIMs and standards currently avail-
able needed to match industry procedures better. Institu-
tions should recognise the need for a new specialism in
applying technology, standards and modelling, and being
responsible for spatial coordination. Decisions need to be
made earlier in an integrated process and time can be
saved by parallel working. Technically BIM solutions are
almost fully available but the commercial drive to apply
them has hardly started. Education, from site operatives
learning to read, write and handle numbers, to students
getting more information on BIM, is essential for eventual
success. If the pressure comes up from new graduates and
down from commercial management, BIM systems will
eventually come into general use. There is a need to inte-
grate project teams through giving responsibility for the
whole process and partnering (Lessing). Information
needs to be recognised as a strategic asset and paid for. It
also needs to be constantly updated.

There are benefits from applying BIMs to industrialised
building. Some changes proposed are: integrating design
and specification, automating regulations and creating a
collaborative umbrella. Some of these changes are start-
ing to happen but BIM does not appear to be driving them
yet.

Key statement: Changes to the process are already start-
ing but there may need to be a special role to manage
BIM, and special education.

Key question: How should a BIM specialist and training
be built into the construction process?

The following questions relate to the particular develop-
ment of the Industry Foundations Classes

6. The timing and duration of the IFC standardisation
effort

IFC development has taken about 10 years so far. Some
feel that this was too slow and that resources were inade-
quate. Others feel that the timing is about right now that
BIMs can be run on desktop computers. However general
deployment of BIMs and IFCs could take 10-20 years.
Standards development has been by interested and quali-
fied people but management in the US do not understand
their significance. They only pay lip service to BIM. In
smaller countries like Finland, Norway and Singapore
there has been more success. For instance the R&D fund-
ing agency TEKES in Finland has been quite instrumental
in promoting IFCs and is concerned with doing the right
thing whereas stakeholders in the US are only concerned
with the lowest price. Comprehensive standards such as
the IFCs are not generally understood and are not being
adopted. The IAI has been around so long that people



have forgotten it or become bored. Some software prod-
ucts based on it are available but the scope was too broad.
The move to include specific formats, like CIS2, is good.
IFC development started at the right time but with little
knowledge of existing standards and has delayed the de-
ployment of BIM. STEP AP221 might have been a better
starting point. There is a need to support specifications
and costs. A user friendly interface is essential. There is a
need for a technical audit of IFCs and an enquiry into
what support vendors are giving.

Key statement: The IFCs have a new stimulus through US
property interest in BIM and the IAI re-branding as
BuildSMART, but easy to use software implementations
are still needed.

Key question: What is the real commitment of CAD ven-
dors to implementing IFCs and other standards?

7. The resourcing and management of the IFC work

Almost all said that resources and coordination were in-
adequate. Is this the fault of the IAI? The best people need
to be paid to work full time on the IFCs and vendors
should contribute. More companies are beginning to in-
vest in BIM. Pioneers have to take the first steps before
commercial companies join in. Development of IFCs has
been confined to a small circle of enthusiasts. Develop-
ment of OGC has achieved more but with greater re-
sources. IAI resources and membership may now be de-
creasing owing to development and adoption taking too
long. If CAD vendors really want interoperability they
can provide it but it may limit sales of their software. Us-
ers do not see that they have a problem.

Key statement: If benefits to property owners can be
quantified from case studies, resources could be generated
for raising awareness of BIM/IFC.

Key question: How can potential changes in the process
through BIM/IFC be presented in economic terms?

8. The simplicity versus complexity of the IFC standard

The IFCs are complex but this need not be apparent to the
user. Less complexity means less functionality. Mobile
phone standards are easy to use because they are built into
the phones. W3C OWL could supersede some aspects of
IFCs. Simplicity could be introduced through subsets eg:
views, a stable core (ISO PAS) and ifcXML. Models need
the elegant simplicity of some drawings with less explicit
information and more tacit knowledge. There is a need to
test translators. Simplicity is paramount and leads to eas-
ier understanding and implementation.

Key statement: IFCs should be presented in the simplest
possible terms using any relevant techniques.

Key question: How could IFCs be built into widely used
software applications?

9. Should versions of the IFC standard be frozen for
longer periods?

The general feeling was that IFC versions should be fro-
zen for longer periods to encourage development of soft-
ware. Individual suggestions were for 2 or 4 years. If not
it will be impossible for all implementations in the world
to be in step. An upward migration path between versions
is essential. There should be an advised method for man-
aging versions. Segmentation into application domains
might meet development requirements without having to
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revise the whole standard. Some outsiders exaggerate the
difference between versions. There has been a stable core
to IFCs for some time. This has been added to but not
changed.

Key statement: A framework for BIM standards could
include timescales planned for IFC versions.

Key question: What management advice is needed to help
users to choose appropriate standards from such a frame-
work?

10. The resourcing and management of information about
the IFCs

Promotion of IFCs is critical to their success. Organisa-
tions like ISO can help this. The EU does nothing al-
though IFCs are used in their research projects. Technical
presentations tend to put off the people who should be
supporting them. Awareness of IFCs appears to be im-
proving via semi open source publication. The latest
BuildSMART initiative and web tools are improving
marketing and dissemination.

Key statement: As stated previously owners expecting
savings should support promotion of BIM/IFC and publi-
cise their effect on their projects.

Key question: Could case studies from all parts of the
world be collected and presented together with economic
analysis?

11. The development of IFC compliant software by ven-
dors

Development and quality testing should become self regu-
lating eventually. Poor software will be superseded. The
construction industry is too big a market to accept sloppy
software. The better products may become de facto solu-
tions. Some vendors are implementing IFCs because they
have to rather than because it is the right thing for them.
ArchiCAD and Allplan were pioneers in BIM support.
ADT and now Revit 9.9 have import and export facilities.
IFC Models have been passed between ArchiCAD and
Revit with some objects not defined in IFC 2X2 missing.
Some vendors are actually obstructive. Testing of ex-
changes has been discouraged. Quality testing levels have
now been raised from lax to stringent. There needs to be a
reality check on the IAI who claim that IFCs are used
across the world when they are mainly used by academ-
ics.

Key statement: Related to a framework of BIM standards
there should be information on vendors’ commitment and
testing of their products.

Key question: Would realistic assessments of IFC use,
linked to leading owners and projects, be more effective
in promoting BIM/IFCs?

12. The commitment of major stakeholders to the IFCs

This is critical to the success of BIM and IFCs. IFCs are
not yet used and most industry is unaware of them. De-
velopment has been top down. The people who produce
drawings do not care about IFCs but if there are products
to help them they would make use of them. Why should
construction industry firms commit to something irrele-
vant to their practice? There are few committed individual
users and if they move the initiative is lost. Some major
government clients in Norway (Statsbygg), the US (GSA)
and Finland (Senaatti) are beginning to take IFCs very



seriously. The Digital Construction project in Denmark
(Det Digitale Byggeri 2006) and HITOS in Norway are
examples of BIM initiatives. There is also growing com-
mitment in China but the UK government does not seem
to be aware. There is a lack of investment here both when
the industry is busy and when there is little work. In Hong
Kong a few cases show that architects lead the BIM proc-
ess but other consultants have little incentive to follow.
Clients who claim to be using IFCs should be surveyed to
find out their real level of commitment.

Key statement: Perhaps IFCs should be presented as a
little known secret that can give a competitive edge rather
than as an obvious solution that all should be applying.

Key question: If clients were given a BIM standards
framework, and simply presented statements of their real
capabilities, would they indicate their current and future
levels of commitment?

3 CONCLUSIONS

The information collected is very diverse and contains
contradictory statements but is based on much experience
of introducing new technology to the construction indus-
try. It raises as many questions as it answers but there has
been no time to follow these up except by reference to
some recent surveys and reports. The time seems promis-
ing for a renewed drive towards moving at least some
leading property owners and their consultants and con-
tractors into greater use of BIM and the standards that
support it. The object of this paper has been to distil from
the experience of a few international experts some sug-
gestions for better information, guidance and education in
the economically viable means of using the tools and
standards that exist and making further developments
where necessary.

The key statements following each question were an at-
tempt to express the most common and constructive
thoughts of those responding to it. Inevitably common
themes occur that link the different questions and start to
form a conclusion to this paper, while the key questions
suggest further work related to these statements.

1. The idealistic goal of BIM has been to provide a sin-
gle building model capable of being used throughout
the process. This requires a huge leap which has, so
far, mainly been applied on trial projects. There is
some evidence that BIMs may have to be applied to
particular processes first, the example being the
NBIMS in the US which uses simple .pdf files that
can be checked automatically at the briefing and early
design stages. Successful implementation of standards
or models at an early process stage can lead on to re-
use later in the process but the question arises of who
benefits from the extra work done by lead designers.

2.Standards are like mother’s milk; no one is against
them but few apply them comprehensively. National
groups have often been successful in implementing
modest standards such as those for CAD layers, but
international implementations need to be tailored for
local cultures and conditions. Official endorsement,
preferably by ISO, can give wide recognition but is no
substitute for promotion and implementation in soft-
ware.

3.There are many standards relevant to BIM, not just
those that aim to address the single building model. A
framework of relevant standards, showing their capa-
bilities, stage of implementation and potential bene-
fits, would help users to assess the appropriate level
for them. The ability to move from the more basic
standards towards those offering a comprehensive so-
lution might then become more feasible.

A SAMPLE FRAMEWORK DOCUMENTING THE DEVELOPMENT OF BUILDING INFORMATION MODELLING AND ITS APPLICATION

YEAR 1970 1980 1990 2000 2010
STANDARDS
CAD layers proprietary guidelines National standards — 150 13567 — National subsels
Data exchange IGES DxF
Product models \ STEP 150 10303 AP 221 IS(l) PAS 16739
IFC10 —IFC2x — IFC2x2 —IFC 2:3
Other Classification 150 12006 NBIMS
SOME SOFTWARE PRODUCTS  BDS AE Series AutoCAD ADT Rewit
OXSYS  CATIA Microstation ArchiCAD  AllPlan Digital project
Tekla Granlund
PILOT USE CASES
Selected property owners ORHA(UK) Guggenheim  BAA (UK Senaatti(Fin) Statsbygg(Mor) [Danish Gowt
GSAUS) Swire(HK)
Sample projects Mk Hospilal Bilbac gallery — Heathrow T5 HUT-600 HITOS
Briefing HE tower

Table 2. An example of the framework proposed for documenting developments in BIM.
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4.The process in which BIMs can provide most benefit
implies that there are long term relationships between
those involved. These can be achieved by partnering
so that consultants and contractors are appointed early
in the process, by framework agreements allowing
teams to work together on a series of projects, and by
Design Build and Operate contracts where the benefits
of using BIMs can be obtained over the lifetime of the
building.

5.1t was suggested that, in order to develop more ad-
vanced use of BIMs, there should be a special role in
the project team for an information manager who
could coordinate use of models throughout the project.
This role coupled with better student education on the
techniques of BIM would eventually drive firms to-
wards a greater commitment.

6.The IFCs have now received ten years of develop-
ment, but with insufficient resources and dependence
on a small number of experts. The signs are that some
property owners are becoming aware of the benefits of
BIM and that, coupled with the new image of the TAI
as BuildSMART, there could be a new surge of enthu-
siasm. However there are complexities that need to be
hidden within good software implementations.

7.There are now several case studies of the use of IFCs
and the benefits obtained, both in quantity and quality,
could be presented in a common format. This would
help property owners to see the potential and might
generate resources from them to provide the wider
promotion necessary.

8.The IFCs could be presented in simpler terms. Some-
times the technical expertise of those producing them
has deterred potential users. The concepts are simple
and, if they can link directly to usable software, any
relevant techniques should be used for this. There is
much work on data dictionaries and these are essential
to common terminology particularly internationally.

9.Concern was expressed about the timescales of differ-
ent releases of the IFCs. Although there has been a
stable core for some time, a framework for BIM stan-
dards could indicate likely release times looking for-
ward several years.

10. Publicity is essential if particular standards are to be
more widely used. Property owners should use suc-
cessful case studies for promotion and identify the
benefits they have obtained.

11. Software vendors are a key element in BIM and,
where they have implemented IFCs, they should state
to what level these have been tested, and what their
real commitment is.

12. The IFCs have been presented as the ideal solution to
the inefficiencies of the whole construction industry.
In the long term, and with continuing development,
this may be possible but the key to use of many inno-
vations is the pioneer users who achieve significant
success. To promote BIM and the leading IFC stan-
dard as a secret route to competitive advantage could
be a more successful approach.

This may seem to be contradictory in that wider promo-
tion of BIM requires publicity for successful projects, but
there may be very effective uses of BIMs that are un-
known and quietly benefiting their users. What this study
points toward as the main aid to progress in the wider
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usage of BIMs and the standards that underpin them, is
the development of an authoritative source of information
on all relevant standards and tools, case studies of their
use, preferably with some economic analysis of benefits,
and hard information on the level of conformance of
software products. This is something that could be built
from existing information, supplemented by further dis-
cussion with property owners who have used the tools
that exist, and maintained by an international body such
as CIB W78.

The framework that is proposed would relate the use of
BIM standards and tools to the stages of a building pro-
ject, would include information from case studies and
CAD vendors, and cover as many countries as possible.
The questions that arose from the work in this study could
be answered by some further research and presented
within an agreed framework that allowed for a range of
levels of solution, presented with evidence of their bene-
fits and looking towards future developments. Any new
project should ideally start by a consideration of the rele-
vant standards to be applied and the software tools avail-
able to the project team. The client organisation, and ini-
tially this would be the large property owner who is al-
ready aware of potential benefits, would impose the
agreed standards, provide any special resources necessary,
and allow publication of the results as a case study. Their
commitment to applying the standards would need to be
stated and the procurement path to obtain maximum bene-
fits is an essential element in achieving the objectives
towards which so many academics, standards and soft-
ware developers have been working for over thirty years.
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ABSTRACT: In the last couple of years, construction companies have invested in the development of engineering and
construction project information platforms (ECPIP). ECPIPs store information items in databases on centralized serv-
ers and enable project managers to track different versions of and relations between information items. However, most
commercial ECPIPs do not support the duality of product and process management that is needed by the construction
industry. With the emergence of three dimensional (3D) building information product models to support project man-
agement this shortcoming of commercially available systems is becoming increasingly critical. This paper motivates
this product-process management problem, addresses a number of emerging solutions, and proposes a conceptual ar-

chitecture and development process towards ECPIPs.

KEYWORDS: project management, 3D, building information model, communication platforms, product lifecycle man-

agement.

1 INTRODUCTION

Surveys conducted by InformationWeek show that pro-
fessionals in all industries struggle with the problems of
how to best store electronic information and how to best
retrieve it (McGee, 2007; Rob, 2007). In the construction
sector these problems are even more prevailing as con-
struction projects operate in drifting environments
(Kreiner, 2007). Information on construction projects
changes constantly as (1) client needs are dynamic and
misunderstood, (2) engineers need to seek constant feed-
back from the environment, and (3) different organiza-
tions embedded in different social contexts need to inter-
act frequently. This causes a paradox with respect to the
exchange and storage of information. On one hand, pro-
ject information is updated frequently, often tacitly in the
heads of the engineers as decision making in drifting en-
vironments strongly relies on individual experience
(Kreiner, 1995). On the other hand, due to the large num-
ber of involved stakeholders, a constant exchange of in-
formation is necessary. Additionally, engineers working
on construction projects not only need to manage infor-
mation about the product that needs to be built, but they
also need to manage the resources that are needed to build
the product, like time, money, materials, or laborers.
Computer-based engineering and construction project
information platforms (ECPIP) that support construction
professionals need to address these two dimensions:
product and project management.

In the last couple of years, the construction industry has
started to invest in the development and implementation
of engineering and construction project information plat-
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forms (ECPIP). Currently, these computer platforms ei-
ther support mainly project management in the areas of
cost and schedule control or product management within
CAD systems and product lifecycle management plat-
forms (PLM). The advancement of project management
tools that use three-dimensional computer models of the
construction product however makes a separate imple-
mentation of ECPIPs for product and project management
undesirable. ECPIPs need to integrate product and proc-
ess management processes.

This paper introduces the work of a research consortium
of construction companies and the Center for Integrated
Facility Engineering (CIFE) at Stanford University in
California. The consortium was founded in 2005 with the
aim to develop such an integrated ECPIP. The first part of
this paper briefly assesses the current state of ECPIP-
related technologies in the industry. The second part of
the paper describes the vision of the consortium about the
functionality of ECPIPs in the future. Finally, a research
and development approach is introduced that explains
how the consortium anticipates to develop and implement
ECPIPs that integrate three-dimensional models with pro-
ject management tools across all important project and
business functions.

2 ECPIPs AS A TECHNOLOGY ENTERPRISE AR-
CHITECTURES FOR THE CONSTRUCTION IN-
DUSTRY

Companies use enterprise architectures to align the im-
plementation of technology to the company’s business



strategy (Chorafas, 2002: p.3). At the heart of each enter-
prise architecture is therefore a model of the business.
This model represents both data and processes that are
used by the employees of the firm during their daily work.
Additionally, enterprise architectures define the processes
of the company at both the highest levels and lowest lev-
els of the firm (Inmon, 1986: p.2).

In a hierarchically organized company that produces stan-
dardized products that have been designed at an earlier
point in time these data models and processes can be de-
veloped along a one-dimensional axis. Employees at the
bottom of the company’s hierarchy need to have access to
detailed data that can be easily exchanged among the dif-
ferent business units along this one-dimensionally axis.
To support higher hierarchical levels, the data can be
more and more aggregated as it is passed through middle
management to the executive levels of the firm to support
strategic decision making.

The business processes of the typical design or construc-
tion company cannot be easily organized in such a linear
manner, since each company works on multiple unique
products simultaneously. A duality of functionality is
needed for project-based firms (Ahuja et al., 1994). On
one hand the firm needs to organize processes to manage
the resources that are needed to accomplish the work on
each of the single unique products of the company. On the
other hand the products, e.g., the buildings, facilities, and
their systems and components, need to be developed by
functional specialists that are often shared among the dif-
ferent projects of a company. Therefore, an enterprise
architecture for a construction or design company needs
to be able to model data and processes along two dimen-
sions: the product management dimension and the project
management dimension. However, most commercially
existing ECPIPs for the construction sector only support
one of these dimensions. The next section gives an over-
view of these ECPIPs.

3 EXISTING ECPIP SOLUTIONS

As mentioned above, project management platforms tradi-
tionally focus on scheduling and budget control. In con-
trast, product planning and design platforms are con-
cerned with managing the functionalities of a product.
Recently, both sides have started to integrate more and
more functionalities of the other management function.
However, none of the existing commercial platforms can
cover the whole range of data and process models across
the product and process dimensions. The following two
subsections introduce each of the two groups of solutions.

3.1 Integrated project management platforms

Traditionally, project management software supports
critical path scheduling or cost control on single construc-
tion projects. Recently, these project management plat-
forms are integrating scheduling and cost control from a
number of different projects to enable firm-wide resource
planning. Figure 1 shows a schematic diagram of such a
commercial project management platform. These plat-
forms support project-management-specific transactions
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and operations on a lower level, specifically with respect
to cost, schedule and resource management. Additionally,
these platforms offer functionality that can aggregate data
gathered at the project management level to support high
level strategic decisions on an overall project or firm ba-
sis. Some of the main vendors of project management
platforms are Primavera (http:/www.primavera.com),
Cando Projects (http://www.candoprojects.com), Micro-

soft  Project  (http://office.microsoft.com), MPMM
(http://www.mpmm.com), Planisware OPX2
(http://www.planiswareusa.com) and OmniPlan

(http://www.omnigroup.com).

Executive Management
of the Company

Y/ \
— A
70 A

Cost <:> Schedule<:::> Resources

Project Transactions
and Operations

Figure 1. Typical Architecture of a Project Management ECPIP.

Researchers have started to develop architectures to inte-
grate three-dimensional product models into project man-
agement ECPIPs to support some business sub-processes
(Hajjar, 2000; Caldas, 2003). However, state-of-the-art
project management ECPIPs have not yet developed un-
derlying data models to store three-dimensional product
data. Typically, product information can currently only be
stored in project management platforms as unstructured
data in the form of files. Thus aggregating and integrating
the information across different product, project, and
business functions in the product lifecycle is not easily
possible.

3.2 Product lifecycle management

Product lifecycle management (PLM) solutions enable
management to control the development of a product
throughout its lifecycle. Furthermore, PLM solutions en-
able the cooperation between different companies that
work on the development of one product. From a business
perspective, PLM solutions allow engineers to manage
the status of the development process of a product and, in
particular, they enable engineers to manage changes on
multi-stakeholder projects (Saaksvuori, 2005: chapter 1).
Commercial product lifecycle platforms have been mainly
implemented in the manufacturing, automotive, and
Aerospace industry. Some of the main PLM solution pro-
viders are UGS (http://www.ugs.com), Dassault Systemes
(http://www.3ds.com), Oracle (http://www.oracle.com)
and SofTech, Inc. (http://www.softech.com). Figure 2
shows a typical architecture of a PLM solution.



One of the main features of PLM solutions is the storage
of three-dimensional product data. This enables engineers
to view the product from different angles and to cut arbi-
trary sections through it. In this way the development of
the product is supported visually. Information from each
of the product development functionalities can be aggre-
gated to support the management of the different product
development functions across products. This enables
functional managers to reuse design and manufacturing
knowledge created during the design of one product for
the design of other products. Finally, the product data can
also be aggregated to support strategic decision making of
the executives of the company within the areas of product
development. Lately, PLM solutions are moving towards
the integration of project management functionalities.
However, these functionalities still remain a small part of
PLM platforms. According to Stark (2005: p. 407) project
management contributes only about 5% of the functional-
ity of an overall PLM solution.

Executive Management
of the Company
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Figure 2. Typical Architecture of a Product Management
ECPIP.

Management of
Functional Disciplines

In the construction sector, significant research has been
conducted in the area of product modeling. For example,
researchers have developed the Industry Foundation
Classes (IFC), a quasi-standard data model to capture
three-dimensional representations and related data of
buildings. While most of the existing CAD software ap-
plications and some product lifecycle management solu-
tions support the IFC data model, only a few commer-
cially available product analysis applications accept input
data in the IFC format. Furthermore, commercially avail-
able product management applications for construction,
so called building information modeling (BIM) tools, are
available to support the development of buildings. Unfor-
tunately, project management functionality within these
BIM applications is still only rudimentary. Only some
researchers have conducted studies on how to integrate
project management functionality with IFCs, especially in
the area of change order management (Mao, 2007; Cal-
das, 2005).

This section showed that there are two different avenues
for the development of ECPIP solutions for the construc-
tion sector. While in the last years both solution groups
have slowly started to integrate features of the other per-
spective, no commercial platform has been developed so
far that is able to support both functional dimensions of
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the management of design or construction companies
completely. Especially, the integration of three-
dimensional product models with construction manage-
ment platforms is a field that will require substantial re-
search and development. Therefore, the Center for Inte-
grated Facility Engineering (CIFE) at Stanford University
has founded an ECPIP consortium. In this consortium
CIFE is collaborating with a number of construction
companies to research the requirements of an ECPIP that
integrates three-dimensional product information and
product related work processes. The next section de-
scribes some of these requirements.

4 CONSTRUCTION OF ECPIPs IN THE FUTURE

The two approaches to implement ECPIPs described
above can, in general, if implemented together, cover
most of the business processes in the construction indus-
try. However, a simple implementation of one existing
system from each approach will result in an environment
that is difficult to use and to manage as business proc-
esses are modeled in overlapping, redundant, and related
systems (Inmon, 1986: p. 5).

One example of an application of three-dimensional mod-
els that shows these problems in detail is the use of three-
dimensional computer models for the coordination of Me-
chanical, Electrical, and Plumbing (MEP) systems (Khan-
zode et al. 2006). The three- dimensional models pro-
duced by the MEP and other relevant disciplines are usu-
ally combined and managed by product lifecycle man-
agement solutions. These product lifecycle solutions track
the inputs to the combined three-dimensional model by
the contractors that are responsible to design and con-
struct the different sub-systems of the building. Further-
more, they support the automatic detection of clashes be-
tween the systems. Additionally, however, a project man-
agement system is needed to manage, e.g., the resolution
of the clashes. Some of the project management issues
that need to be managed during the coordination of MEP
systems include the tracking of clashes that the various
contractors need to resolve, the management of requests
for information of the various stakeholders, and the updat-
ing of project budgets and schedules according to change
orders that need to be issued. As the systems that practi-
tioners use today are used to support project management
do not have direct access to the 3D product modeling sys-
tem, references to the product are integrated into the pro-
ject management systems as snapshots, sketches, or refer-
ences to files. This redundant data storage, in turn, often
leads to update problems. For example, 3D product mod-
els are not updated with the design information contained
in the sketches that are referenced in the project manage-
ment systems or references that are stored in the project
management system reference outdated 3D product model
files.

To support such business processes, it is important that
construction companies develop a blueprint for a busi-
ness-based information system. The next section intro-
duces a conceptual architecture for such an ECPIP system
and develops a number of high level requirements that
such a system should consider.



4.1 Conceptual architecture

Figure 3 shows a high-level representation of the required
architecture for a business-based system that integrates
project and product management. The matrix form of the
model represents the two-dimensional data flow that will
be necessary for the adequate representation of the busi-
ness-processes of a design or construction company. Each
cross-point within the matrix depicts a functional business
process that requires the integration of the product and
project management dimensions, such as the MEP coor-
dination process described above. The overall ECPIP sys-
tem needs to integrate sub-systems that can model the
data and business processes that are required for each of
these cross-points. Each of the sub-systems needs to ex-
change data along two dimensions so that the project
management and the product management of the adjacent
sub-systems can be supported adequately. Additionally,
each of the subsystems needs to be able to aggregate data
to support higher level project or product business deci-
sions.

Executive Management
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Figure 3. Typical Architecture of an Integrated Product and
Project Management ECPIP.

A business-based information system that is based on this
architecture will support a design or construction com-
pany in its two main functions: project and product man-
agement. On the project management side, the system can
support project managers during their daily project trans-
actions and operations, project directors to manage re-
sources on a project level, and company executives to
manage resources for the overall firm. On the product
side, the system can enable engineers to develop unique
products while they are simultaneously able to manage
specific functional product development disciplines
across projects. Finally, the system will enable executive
management to make product and project related deci-
sions on an overall firm level.

4.2 Requirements

According to Inmon (1986: p.6) a business-based-system-
model blueprint needs to
1.Enable system architects to decide which part of the
system will be built first (prioritization of activities),
2.Ensure that each part of the system serves the major
business purposes and relates to the other sub-systems
in an efficient manner (total business requirements),
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3.Ensure that each sub-system’s processes and data
models are invented and built once (reuse of data), and

4.Define clear-cut responsibilities for the various users
of the various sub-systems (domain integrity).

A blueprint for an ECPIP system should consider each of
these points:

1. The blueprint needs to identify which of the functional
business processes on construction projects need to be
supported by an integrated project and product man-
agement platform. Then system architects need to es-
timate the respective costs to develop each of these
functional sub-processes. In a next step, the architects
need to compare the estimates to the predicted benefits
each of these functional sub-processes promises if
used in practice. According to this cost-benefit analy-
sis the architects have to prioritize the different func-
tional sub-systems so that they can decide which of
these systems to implement first.

2.The blueprint needs to specify the data structures and
the data transfer processes that are needed to serve
each of the functional business processes. Addition-
ally, data interfaces with other functional business
processes need to be defined.

3.The blueprint needs to ensure that data structures and
processes of functional business processes do not
overlap each other for project and product manage-
ment.

4.The blueprint needs to define organizational positions
that are responsible for managing the different busi-
ness processes. Furthermore, the blueprint needs to
define who is responsible for the input and mainte-
nance of data and who needs to be able to update dif-
ferent data items. Additionally, the blueprint needs to
outline the organizational positions that will be af-
fected by a change of data in one of the functional
business processes.

Ease of use is another important requirement for ECPIP
systems. Engineers and project managers on construction
projects need to be able to integrate the new supporting
systems seamlessly into their daily working processes. In
addition to the definition of responsibilities of the various
actors mentioned above, this task also requires that the
user interfaces of the system are easy to learn and use and
are customizable for each of the actors.

5 DEVELOPMENT ROADMAP

We envision the following research process to generate
the knowledge needed to develop and implement an
ECPIP:
1.ECPIP system engineers need to develop an enhanced
understanding of the complex problems that practitio-
ners face during their daily work. Moreover, due to
the drifting environment of the construction industry,
most of the knowledge on how to solve complex prob-
lems is tacit knowledge (Kreiner, 1995). Thus, system
developers face the challenging task to capture this
tacit knowledge and the experience of the practitioners
and convert it into functional business processes.
2.Researchers and system developers need to develop an
understanding about the culture in which practitioners



work to solve complex design and construction prob-
lems. This is important as the ECPIP system needs to
support practitioners when they are making sense of
problems and while they are interacting with each
other and with disparate product and process data sets.
How professionals engage in these two tasks is largely
defined by the roles, norms, and values of the profes-
sionals and thus by the culture in which they work.
The culture also defines the different viewpoints that
practitioners use to interpret data during problem solv-
ing tasks (Checkland, 1990: p. 49). The ECPIP needs
to be able to seamlessly integrate into this culture to
gain acceptance among practitioners.

3. After the implementation of an ECPIP system that
models the processes existing at the pre-
implementation phase, it is most likely that practitio-
ners will change their way of working. We anticipate
that practitioners will change existing processes and
data models. Additionally, it is most likely that roles,
viewpoints to interpret data, norms, and values will
change (Checkland, 1990: p. 20). Thus the imple-
mented ECPIP system might model obsolete processes
and might not support the new processes efficiently. A
constant adaptation of the ECPIP system will be nec-
essary.

One research methodology that is well suited to solve
these problems is action research (Baskerville, 1996).
Action research is a method for test case research on pro-
jects (Yin, 2003; Eisenhardt, 1989). Detailed descriptions
of the action research process can be found in Susman
(1983), Checkland (1990), or Baskerville (1996). One
important characteristic of action research is that practi-
tioners and researchers work closely together throughout
the whole research process. The researcher starts doing
practical work and the practitioner starts doing research.
In this way it is possible to gather and simultaneously
verify knowledge about complex processes and determine
how practitioners follow these processes in their respec-
tive professional culture.

Figure 4 shows the action research process that the ECPIP
consortium plans to use during the development of the
ECPIP system. In a first step researchers will need to ob-
serve processes, the required data models, and the culture
on a number of test case projects that implement 3D
product models to support construction management
processes. From these observations, functional business

Observations from

test case projects

Identify functional
business processes
and prioritize using
cost-benefit analysis

Combined effort
of practitioners
and researchers

Implementation of
sub-systems oh
test case projects

ECPIP sub-system

development to support
some functional
business processes

Figure 4. Action Research Cycle for the Development of an
ECPIP.

processes that can be supported by an integrated project
and product management ECPIP need to be identified.
After prioritizing the identified functional business proc-
esses using a cost-benefit analysis, system developers
need to program sub-systems of an overall ECPIP envi-
ronment that support the functional business processes
that offer the greatest benefits. The developed sub-
systems will then be implemented by project teams on
case projects, and researchers will engage in another itera-
tion of observations, analyses, development, and imple-
mentation.

A number of researchers have already observed how
three-dimensional product models have been applied to
support project management on construction projects.
Some of the latest efforts in this area are, for example,
Jongeling and Olofsson’s (2007) exploration of how
three-dimensional product models support the scheduling
of work-flows, Hartmann and Fischer’s (2007) explora-
tion of how three-dimensional product models support the
constructability review, and Khanzode and colleagues’
(2006) exploration of how three-dimensional models can
support the coordination of design and construction of
mechanical, electrical, and plumbing systems. The ECPIP
consortium plans to develop a number of ECPIP sub-
systems that will support some of these specific func-
tional business processes. In a next step, the consortium
plans to implement these systems on test case projects.
The implementation can then be observed and analyzed
jointly by researchers and practitioners. Developers can
than improve problematic parts of the sub-systems. Con-
currently, more sub-systems can be integrated until an
ECPIP system has been developed that can support the
main project and business processes of construction and
design companies.

6 CONCLUSIONS

This paper described one of the major challenges for
technology development the construction industry will
face in the next couple of years. With the advent of so-
phisticated three-dimensional product models of facilities
that support the project management for construction pro-
jects, new ECPIPs for design and construction companies
can be developed. These ECPIPs need to support all the
functional business processes of practitioners and inte-
grate project and product management. The paper showed
that this problem cannot be supported so far by commer-
cially existing software as these applications only support
either project management processes or product manage-
ment processes sufficiently.

The paper introduced a conceptual framework for such
ECPIPs that support project and product management
processes. This ECPIP framework is able to support func-
tional business processes that need to exchange data into
the two dimensions of project and product management.
Additionally, the framework is able to aggregate data to
support upper management decision making.

To develop ECPIPs that can simultaneous support product
and project management it is important for researchers to
identify the business and project processes that practitio-
ners use. Additionally, it is important for researchers to



integrate the ECPIPs into the culture of the practitioners
to foster the acceptance of ECPIPs in practice. Account-
ing for these requirements, this paper introduced a road-
map for this development that uses an action research
methodology. Using this methodology, it should be possi-
ble for the developers of the ECPIPs to iteratively pro-
gram and implement sub-systems that support specific
functional business processes. During these iterative im-
plementation steps the action research methodology en-
ables researchers and practitioners to evaluate the effi-
ciency of these sub-processes and improve the sub-
systems accordingly for the next iteration. In this way, the
ECPIP developers can implement and test functional
business processes one after the other until an ECPIP has
been created that can support the product and project
management of a new facility throughout its lifecycle.
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EVALUATION OF IFC OPTIMIZATION
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ABSTRACT: Today Industry Foundation Classes (IFC) with considerable number of implementations presents almost
“de-facto” standard in the Building Information Modelling (BIM). The idea of architecture, engineering, construction
and facility management (AEC-FM) software interoperability may be easy understandable but the current standard
implementations performances are not always satisfying. Although various deficiencies can be concluded from evalua-
tion reports and the pilot projects presented research focuses only on model optimization issues. IFC files generated
with the most commonly used architectural design applications are as a rule not optimal regarding the record length
and as deduced from previous research work several easily resolved optimization procedures could be applied. Pre-
sented case study is based on Solibri IFC Optimizer, the only IFC optimization tool available. Several simple and com-
plex models were tested and optimization results have been closely examined. Prospects and constraints of presented
optimization are discussed at paper closing.

KEYWORDS: BIM - building information model, IFC - industry foundation classes, interoperability, optimization, soli-
bri IFC optimizer.

1 INTRODUCTION quently dissuade IFC 1.5.1 release usage. Stanford PM4D
report (Fischer & Cam 2002) also exposes IFC file size as
Several initiatives to implement BIM in the AEC-FM  a major burden on computer hardware, software and net-
sector with different implementation success can be com-  works, adversely impacting the manipulation and general
prehended from information and communication technol-  performance. As concluded from introduced reports the
ogy (ICT) history. Currently IFC present most general implementation challenges of large file size present moti-
and most comprehensive BIM ever implemented in the vation for further research in the partial data exchange
AEC-FM sector software. STEP methodology based and in database model servers. As result of first evalua-
product model vision is to contain all vital information  tion reports later IFC releases (2.0 forward) use simplified
about a specific building in its lifecycle to the certain  description of certain parts of the model but without any
level of accuracy. With its layered structure and possible  evident success regarding to the file size diminishing.
model expansion through “Extension Projects” the IFC  (Bazjanac 2002) gathered experiences from early de-
share common complex models destiny: never completed  ployment projects and presented them as “six early les-
and always under construction. sons learned” (2.0 and 2x release). As assumed the project
Freely available IFC specification (IAI, 2007) lists the ~Model exchange file size is one of them. Cited author em-
entities and corresponding attributes which are used to ~ Phasizes that even a modestly sized building can easily
describe BIM. The final result within file exchange is aPproach limits of manageability. Therefore up-to-date
STEP based physical file (ISO 10303-21: Clear Text En-  hardware is required for considerable working conven-
coding of the Exchange Structure) which can be ex- ience. When planmng investments into the.hardware IFC
changed with other IFC compatible applications. Al- extension projects and more apd more detailed modelling
though AEC-FM community has presented more conven- has also be taken into the consideration.
ient ways of handling IFC models (model servers) most of ~ Considerable part of “constrains” in recent evaluation
every day practice projects is still based on file exchange. ~ reports (Amor & Ma 2006; Dayal 2004; Pazlar & Turk

Modern BIM includes enormous set of information which 2006). is still related to the frustrating IFC ﬁ.le managing
can result in hardly manageable IFC files due to the text ~ SXPeriences. Database model servers are still not com-
based record. Expected contented end users can easily be ~ monly used in practice and although appreciated BLIS
substituted with frustrated ones as proven with several defined partial model exchange (BLIS 2002) can face
pilots and real life AEC-FM projects. VIT research pro- difficulties when assuring general BIM consistency.

ject SPADEX (Backas 2001) listed IFC file size as one of

seven keystone implementation obstacles and conse-
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2 MODEL MAPPING

Each AEC-FM software tool has its own internal repre-
sentation of semantic artefacts. In order to achieve appli-
cation accordance with IFC standard two schema map-
ping has to be provided: mapping between internal model
and IFC model for export purposes and mapping between
IFC model and internal model for import purposes (Ma et
al. 2006). Both mappings are not trivial and due to the
application specific internal representation perfect seman-
tic mapping cannot be expected.

Due to the various possibilities offered by IFC specifica-
tion some applications describe the same semantic con-
struct differently than the others. Cube as the most ele-
mentary example is geometrically always presented as
“Boundary representation” (Foley et al. 1995) but once as
an extruded area solid and secondly as a collection of
surfaces bounded by loops. Implementers can freely
choose the approach which best suit their needs.

3 OPTIMIZATION

Optimization is the process of modifying a system to
make some aspect of it work more efficiently or use fewer
resources. In general computer science related problem
optimization may refer on more rapid execution or on
capability of operating within a reduced amount of mem-
ory storage, or on improving some other issues. Although
the word “optimization” shares the same root as “opti-
mal”, it is not common that debated procedure would re-
sult in the truly optimal system. As common in computer
science, optimization usually refers to more efficient
software. In presented research work term optimization
represents process of reducing IFC file size without any
information loss.

Compression of STEP physical file presents the most
simple but also most widely used optimization method
which is clearly effective only within model manipulation
process (like sending the model as e-mail attachment).
Several lossless compression algorithms with different
compression ratios are available. ZIP file format using
DEFLATE lossless data compression algorithm (combi-
nation of the LZ77 algorithm and Huffman coding) has
been used in presented research mainly for evaluating
effectiveness of tested IFC model optimization.

As already emphasized text based IFC files are pretty
verbose. On the contrary, binary files used as native for-
mat of almost all modern AEC-FM applications usually
present much more compact record. Within IFC standard
encoding mechanism is strictly defined and therefore re-
cord optimization efforts should focus on the file content.

The need for IFC file content optimization presents just
one conclusion from our previous research work (Pazlar
& Turk 2006) where round trip testing procedure has been
used in evaluation of the most commonly used IFC com-
patible architectural design applications. The duplicated
entities were easily noticeable imperfection produced by
all interfaces in the cited research. Although stated con-
clusions have been proven only with architectural models,
similar conclusions would certainly occur when testing
the other implemented parts of IFC specification.
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There was no need to spare a lot of effort in developing
the IFC file optimizer. Solibri Inc. (Solibri 2007) intro-
duced their vision of optimization just recently with Soli-
bri IFC Optimizer that performs similar eliminations as
suggested in (Pazlar & Turk 2006): redundant lines of
Part 21 ASCII file are removed and corresponding refer-
ences are updated. Presented research therefore aims to
confirm if optimization procedure results in semantically
equal but more compact IFC physical file.

4 CASE STUDY

4.1 Simple test cases

Simple test cases present reasonable origin point to evalu-
ate optimization since the content of IFC files can easily
be examined with simple text editors. Simple test cases
have been created separately in most commonly used IFC
2x compatible architectural design applications: Autodesk
Architectural Desktop 2005 with INOPSO IFC interface,
Nemetschek AllPlan Architecture 2005 and Graphisoft
Archicad 9.

Although describing the same BIM (concrete wall origi-
nated in the world coordinate system) generated file sizes
differs up to 100%. Different mapping and description
approaches between native and IFC artefacts are evident.

wall OIFC  moptimized IFC

11.6%

7.3% 7.3%

12.5% 12.5%

size [KB]
CaNvwhAO DN ®

(53, 50)

(53, 50)

(84, 78)

(98, 78)
(60, 52)
(127, 107)

(84, 78)

ADT_wall
(69, 54)
(98, 86)
(84, 80)
(53, 49)
ALL_wall
@84, 79)
ARC_wall

ADT_wall_ADT

ADT_wall_ARC
ADT_wall_ALL
ALL_wall_ALL
ALL_wall_ARC
ALL_wall_ADT
ARC_wall_ARC
ARC_wall_ALL
ARC_wall_ADT

Figure 1. Concrete wall. Original and optimized file size and
corresponding optimization ratio. Number of entities (total, total
optimized).

Complete IFC 2x specification lists 370 diversified enti-
ties, but only 35, 36 or 37 are used to describe tested BIM
(exact number depends on specific model and testing pro-
cedure). The following redundant entities have been
eliminated in  the optimization process: If-
cAxis2Placement3D (location and orientation in 3D
space), IfcCartesianPoint (point in space) and IfcDirection
(general direction vector). Additionally ADT and ALL
interfaces produce duplicated IfcPropertySingleValue
(RGB components) and consequently IfcComplexProp-
erty (colour) entities which were also removed. All end
user important tangible entities (IfcProject, IfcBuilding,
IfcBuildingStory, etc.) stay intact and corresponding at-
tributes are updated.

Optimization ratios are test case specific (5.5-17.5%) and
regardless to stated differences total number of entities
and consequently file sizes still differ up to 100%. De-
tailed IFC file content analysis reveals different modelling
approaches: ADT interface in the re-export procedure
replaces the solid representation of wall (IfcExtrudedAr-
eaSolid) with the six surfaces bounded by loops (IfcFace).
Consequently IfcWallStandardCase (with “SweptSolid”



as only possible body representation) is replaced with
more general IfcWall entity (“SweptSolid”, “Clipping”,
“Brep”, “SurfaceMode” and “BoundingBox” as possible
body representations). Although all three applications
within the first export process use solids as geometric
representation of wall, the attribute presenting swept area
of IfcExtrudedAreaSolid differs. Semantically the IfcAr-
bitraryClosedProfileDef and IfcRectangularProfileDef
entities present the same surface to be extruded but there
is an important difference in record length. Different ap-
proaches in geometry modelling can also be observed
with the other geometric representation contexts. When
wall is circumscribed as an axis (IfcLine), IfcTrimmed-
Curve (ADT, ALL) or IfcPolyline (ADT) is used. Differ-
ent modelling approaches and number of reiterated enti-
ties can be evaluated from Table 1. According to pre-
sented results Allplan and Archicad interfaces generate
much more compact record then ADT. Omitting the If-
cBoundingBox geometry representation extrusion of rec-
tangular planar surface presents the most optimal geomet-
ric representation of regular forms. Three times more enti-
ties are required to describe the same geometry with sur-
face boundary representation.

Table 1. IfcWall — IfcProductDefinitionShapeAttribute. Detailed
analysis of body representation — number of different entities
(optimized BIM).

Entity name ADTQN)| ADT* | ARC | ALL |ALLQN)| ALL* | ARC | ADT |ARCQN)| ARC* | ADT | ALL
Axis- | Axis- | Axis- | Axis- | Axis- | Axis- | Axis | Axis- | Axis- | Axis- | Axis | Axis-
curve | curve | curve | curve | ourve | curve uve | curve | curve | curve | curve
20 | 20 | a0 | 0 | 2p | 2> | 2 | 20 | 2D | 2 | 2 | 2

1feShapeRepresentation Body- | Body- | Body- | Body- | Body- | Body- | Body- | Body- | Body- | Body- | Body- | Body-
Solid | Brep | Solid | Solid | Solid | Solid | Solid | Brep | Solid | Solid | Brep | Solid
Bound. | Bound. | Bound Bound. | Bound. | Bound. | Bound. | Bound.

Box | Box | Box Box | Box | Box | Box | Box
text| 1 1 1 1 1 1 1 1 1 1 1 1

1fcAxis2Placement3D 1 1 1 1 1 1 1 1 1 1 1 1

1fcAxis2Placement2D 1 1 1 1

IfcCartesianPoint 5 9 5 2 2 2 5 9 i E 9 2

IfcDirection 3 2 3 3 3 3 3 2 3 3 2 3

IfcExtrudedAreaSolid 1 1 1 1 1 1 1 1 1

1feArbitrary ClosedProfilDef 1 1 1 1 1

1fcPolyline 1 1 1 1 1

1fcFacedBrep 1 1 1

IfcCloscdShell 1 1 1

1fcFace 6 6 6

1fcFaceOuterBonund s 6 6

1fcPolyLoop 6 6 6

1fcRectangleProfileDef 1 1 1 1

Total number 13 33 13 10 10 10 13 33 13 13 33 10

Global estimation of optimization ratios on presented
models is not grounded. Simple models do not contain
enough geometry artefacts which present the main source
of reiterated entities in IFC files. IFC and native applica-
tion format file size comparisons are also not credible on
simple BIMs (wall model: ADT 116kB, ARC 496kB,
ALL 48kB, wall — door — window model: ADT 125kB,
ARC 517kB, ALL 64kB). The advantages of more com-
pact binary record become evident with complex models.

When adding additional semantic artefacts in the model
(door, window) the number of reiterating entities does not
distinctively change: only IfcAxisPlacement2D (location
and orientation in 2D space) is added on the reiteration
entities list. Almost all global optimization ratios are neg-
ligibility reduced if compared with the first test case (All-
plan generated files present exception).

Allplan interface again generates most compact IFC files.
Beside optimization ratio IFC file size and consequently
modelling approach has to be taken into the consideration
when evaluating the IFC interfaces and optimization

prospects. Allplan for example generates the most com-
pact IFC file but these files also have the highest optimi-
zation ratio.

wall, door, window

35 3.2%
OFC  moptimized IFC 4.1% 4.4%

9
X 20 9.6% 4.4%

@ 10 29.9% 29.9%

ADT_wdw
ALL_wdw
ARC_wdw

ADT_wdw_ADT
ADT_wdw_ARC
ADT_wdw_ALL
ALL_wdw_ALL
ALL_wdw_ARC
ALL_wdw_ADT
ARC_wdw_ARC
ARC_wdw_ALL
ARC_wdw_ADT

Figure 2. Concrete wall with door and window. Original IFC
and optimized IFC file size and corresponding optimization
ratio.

Table 2. Wall with door and window. Detailed analysis of reit-
erated entities.

[Entity name ADT(N)| ADT* | ARC | ALL [ALL(N)| ALL* | ARC | ADT |ARC(N)| ARC* | ALL | ADT

1fcAxis2Placement2D 21 21 313 21 21

IfcAxis2Placement3D 107 | o8 | 106 | &6 | 107 | 107 | 107 | 10/ | 106 [ 10/6 | 107 | 10/8

1fcCartesianPoint 56/42 | 74/61 1310 | 1541 | 1541 | 1412 |112/100 15011 | 112199

IfcDirection 26/5 | 235 | o6 | 20m | 24/5 | 2455 | 10/6 | 25/6 | 1066 | 10/6 | 24/5 | 2506
1fcComplexProperty 54 3 3n 3 87 612 87 87 3 9/8
1fcPropertySingleValue 2017 [1200n27| 124 | 124 | 12/4 | 2621 | 2471 | 2621 | 2621 | 12/4 | 2442

Total (only reiterated entities) 94/55 | 133/96 | 148/139 | 59128 | 64728 | 64/28 | 68/53 | 179/128| 54/40 | 54/40 | 64128 |182/134

Although there is a huge difference in IFC file sizes (max
ratio 4.7) the average values have been determined. The
average native IFC file size is 17.7kB which is with the
optimization process reduced by 14.5% (to 16.0kB). If
both files are compressed using “7-zip” file data compres-
sion utility corresponding figures are: 5.0kB, 4.7kB and
6.59%. When summarizing stated figures optimized and
zipped IFC file is reduced to only 28% of native IFC file
size.

Besides automatic zipping of optimized files Solibri IFC
Optimizer allows “floating point rounding”. This option
just eliminates zero decimal values and in such manner
contributes to the optimization. Evidently such contribu-
tion is very limited when analyzing small models (below
0.5%), but increases with complex models. Using this
option up to 2% optimization improvement can be
achieved. However it is not acceptable and understanda-
bly why “floating point rounding” with some models al-
ternates numerical values: In the ADT based models for
example attributes in IfcCartesianPoint entities are unrea-
sonably changed (form (0.0,-12.5,0.0) to (O.,-
12.499998,0.)).

As expected native and corresponding optimized file have
the same number of diversified entities. When analyzing
the frequency of reiterated entities (Table 2), IfcCarte-
sianPoint and IfcDirection presents majority of reiterating
entitles (more than 50%) if IFC file is generated by ADT
or ALL. Corresponding entities within Archicad gener-
ated files are IfcPropertySingleValue and IfcComplex-
Property.

Archicad also enables exporting semantically richer
model with “Extended properties” option. This term
marks additional properties which dynamically expand
the IFC model range through the IfcPropertySet entity.
Extending the attainment of the model may seem as valu-
able contribution to the BIM, but model population also
has some negative effects: file size increases several times



(120% in presented test case). Such models may also
seem semantically richer since several hundred IfcProp-
erySingleValue have been added. But as analysis revealed
many newly included characteristic (fire rating of door
panel, heat transfer coefficient, facility management in-
ventory number, etc.) are not defined. Regardless to their
origin entities without defined attributes should also be
eliminated in the debated optimization process.

4.2 Complex test cases

“Complex test case” term marks IFC models that could
actually present real life BIM. Models were obtained from
the web and after establishing the origin application BIMs
had been optimised and furthermore compressed. Almost
one hundred BIM originated from different applications
using different IFC standard release (mainly 2x and 2x2)
and level of accuracy (complete, architectural, structural,
etc.) were tested.

Onative
olFc

mIFC
optimized

size [MB]

alFc
Zipped

mIFC
optimized
zipped

all models

various app.

Figure 3. Complex model testing. Average original, optimized,
original zipped and optimized zipped file size and corresponding
optimization ratios.

Table 3. Complex test cases. Reiterated entities and correspond-
ing optimization ratio.

Opum.lz[:/‘t)l]on ratio Entity name
IfcColourRgb, IfcCurveStyle, IfcPresentationStyle Assignment,
90 - 99.9 IfcCircleHollowProfileDef, IfcArbitraryProfileDefWithVoids,
IfcCartesian TransformationOperator3D

80 — 90 IfcDirection, IfcComplexProperty, IfcPropertySingle Value, Ifc Application
IfcCircleProfileDef, IfcPropertyEnumerated Value, IfcMaterial, IfcMappedItem,

70 - 80 N
IfcMaterialLayer
IfcQuantity Area, IfcMaterialLayerSetUsage, IfcMaterialLayerSet,

60 - 70 IfcQuantityVolume, IfcPropertyBoundedValue, IfcAxis2Placement2D,
IfcCartesianTransformationOperator3DnonUniform, IfcRectangleProfileDef
IfcCompositeCurve, IfcVector, IfcCompositeCurveSegment,

50 - 60 IfcAxis2Placement3D, IfcCartesianPoint, IfcPropertyListValue,
IfcQuantityLength
IfcCircle, IfcTrimmedCurve, IfcLine, Ifc2DCompositeCurve,

40 - 50 IfcGeometricRepr i ‘ontext, IfcC dFaceSet, IfcOrganization,
IfcPlane, IfcPerson, IfcPersonAndOrganization, IfcBoundingBox
IfcExtruded AreaSolid, IfcFaceBasedSurfaceModel,

30— 40 IfcArbitraryClosedProfileDef, IfcPolyline, Ifc AnnotationSurfaceOccurrence,
IfcProductRepresentation, IfcStyledRepresentation,
IfcPolygonalBoundedHalfSpace, IfcShellBasedSurfaceModel
IfcConnectionCurveGeometry, IfcFaceBound, IfcConnectionSurfaceGeometry,

20— 30 IfcHalfSpaceSolid, IfcCurveBoundedPlane, IfcOpenShell, IfcFacetedBrep,
IfcClosedShell, IfcPolyLoop, IfcFaceOuterBound, IfcFace,
IfcRepresentationMap

10 - 20 IfcLocalPlacement, IfcGeometricSet, IfcShapeRepresentation

0.1-10 IfcArbitraryOpenProfileDef, IfcBooleanClippingResult

Several conclusions can easily be observed form Figure 3.
As anticipated STEP physical file size can compete to the
binary record length only to the certain file size (1-2MB,
depending on origin application). If model is more com-
prehensive then IFC file size soon reaches the “manage-
ability” limits. The average optimization ratios within
complex model analysis are as expected much higher than
within simple model testing. Complex BIMs contain im-
mense number of geometric artefacts which presents the
main source of reiterating entities. Achieved ratios are
interfaces specific and depend on how much redundancy
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the original file has. REVIT IFC interface with average
19.8% optimization ratio seems to be the most improved
application. Corresponding ratios achieved with other
applications are more than twice as larger: ARC (41.8%)
ADT (53.2%) and ALL (66.7%).

All tested files have also been zipped. Data compression
utility reduces file sizes much more efficiently than opti-
mization with reiterated entities elimination. If native IFC
files are compressed the average reduction percentage is
83.2%. Maximum possible IFC file size reduction is
achieved with combination of optimization and compres-
sion. Due to involvement of optimization this percentage
depends on origin design application. The average com-
pressed and zipped IFC based BIM is commonly in 82%
to 93% percentage range (the average ratio is 8§9.3%).

Most of redundant entities listed in Table 3 are geometry
related in terms of describing geometry artefacts (points,
directions, surfaces extruded solids, etc.) and correspond-
ing operations (transformations, Boolean operations).
Material and single value properties supplement the reit-
eration lists. Reiterated entities are sorted in ten groups
regarding to the optimisation ratio. Entities with the low-
est optimization ratio can be just duplicated, but within
the highest optimization percentage figures can reach up
to 99.3% (IfcColourRgb, IfcCurveStyle and IfcPresenta-
tionStyleAssignment). Following example clarifies high
optimization percentage: Within optimization process the
number of IfcColourRgb entities in the MunkerudBS IFC
model is reduced from 1618 to only 7.

Absence of tangible end user important entities (project,
building, walls, doors, windows, etc.) in the reiteration list
(Table 3) somehow confirms object mapping regularity
form native application to the IFC model. After optimiza-
tion BIMs were visually checked compared with original
models: no differences could be noticed.

Regretfully optimization is not to be fully trusted al-
though it may seem easy understandable and theoretically
well grounded. Solibri IFC Optimizer does not report any
errors within optimization process but when analyzing the
content of optimized IFC files with IfcObjCounter (FZH
2007) approximately 3% of models could not be analyzed
due to the run time error. Log record created by used IFC
file content analyzer as a rule refers to “incompatible as-
signment” or “set element is not unique” as the crash
cause.

Most common reasons for discordance with IFC specifi-
cation are irregular use of IfcPolyline and IfcPolyLoop
entity where end point coincides with start point (the last
attribute should be different than the first one). Addition-
ally with IfcPolyLoop some entity points as attributes can
refer to the same instance as the first point (loop is repre-
sented as a line). However stated errors are most likely
the result of numerical errors where more than one
IfcCartesianPoint entity is used to describe the same point
in space.

Surprisingly regardless to IFC schema non-compliance

some majority of IFC compatible applications imports the
model without any error reported.



5 DISCUSSION

Hardly manageable files have been noticeable imperfec-
tion of IFC specification from its first release. Although
almost all evaluation reports emphasize stated deficiency
it cannot be easily understood why the first optimizer ap-
peared just recently. Since some optimization proposals
were already suggested in our previous research work
(Pazlar & Turk, 2006), Solibri IFC Optimizer presents
unique opportunity to prove stated recommendations.

Although simple tests cases confirmed fulfilling of the
Solibri IFC Optimizer main goal, corresponding optimiza-
tion ratios are not the most credible indicator. The ratio of
“obligatory” and “model specific” entities evidently differ
when comparing simple and complex IFC models. How-
ever some optimization aspects are more evident with
simple models. STEP based geometry description offers
various possibilities in describing model geometry. If
there are no specific requirements the use of solids instead
of surfaces can significantly optimize the length of file
record (up to three times) and therefore should present the
preferred choice wherever such approach can be used.

The second part of presented research work confirms
Solibri IFC Optimizer advertised benefits: 1) Suitable
model size, 2) Shorter loading times in IFC applications
(not exactly measured but evident), 3) Smaller memory
consumption in IFC application, and 4) Lower data stor-
age costs. However testing results figures slightly differ
from the promised ones: pure ZIP compression should
reduce typical file size to 15-30% and with Solibri IFC
Optimizer the optimized and compressed file size reduces
to only 6% of the original. Corresponding research estab-
lished percentage figures are a bit lower (16.8% and
10.7%) but still encouraging. Different optimization ratios
ascertained for each interface indicate that some IFC de-
velopers (REVIT) invest much more efforts in optimiza-
tion aspects than the others. Within the mapping process
BIM semantics can be preserved even if using more com-
pact record.

As proved with this research and also with every day
practice work the usage of IFC exchange format is not
very economic since the average size of BIM easily ex-
ceeds few tens or hundreds of megabytes. The problem
will intensify in the future: IFC model is not complete,
more detailed modelling is required and some issues are
still not properly solved (provenance data for example).

Regretfully introduced optimization is not always reliable.
As established from some optimized models numerical
inaccuracy can cause discordance with IFC schema. This
could be avoided if optimization aspects would be taken
into the consideration by IFC interfaces developers re-
gardless to the technology used (the file based exchange
or model servers). Such approach would also allow the
simplest inclusion of other optimization aspects (like se-
lecting the most optimal geometry description from vari-
ous possibilities offered).
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CONCLUSION

The aim of this paper is to point out the deficiencies of
presented IFC interfaces and suggest possible improve-
ments in the meaning of the optimization. Solibri IFC
Optimizer performance has been evaluated on various
models. Although simple model testing confirmed fulfill-
ing the optimiser’s main goal, difficulties experienced
within complex models optimization indicate some scep-
ticism about using this optimizer in practice. But hope-
fully optimizer motivation discussed in previous section
will affect to the IFC interface developers and increase
their product quality in terms of optimization.
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REAL-TIME ACTIVITY TRACKING SYSTEM — THE DEVELOPMENT PROCESS
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ABSTRACT: The paper describes the development process of the 4D-ACT (Automated construction tracking) system.
The paper also discusses new potentials of the system regarding real-time information flow in a construction process.
The 4D-ACT automatically recognizes the building elements from the building site and searches for matches between
planed and performed activities. Building elements are recognized automatically from images, created with cameras
installed on the building site. The 4D model is needed as the knowledge base of relations between the designed geome-
try elements and activities in the process model, which ensures identification of activities on the basis of the recognized
building elements. During the recognition process, the algorithm uses the 4D model for additional information, to be
more successful. The concepts of the system and the algorithm have been tested in laboratory experiments and are pre-

sented in the paper.

1 INTRODUCTION

The project management in the traditional building proc-
ess is incapable of effective continuous detection of dif-
ferences between schedule plan and the real situation on
the building site. This is generally done by inspecting the
building process, which is time consuming and obstructs
the project information flow. Supervision of the construc-
tion process in such way increases the time needed to
identify critical events in the schedule plan and therefore
often leads to delays or budget overdraws.

The information technology enables combining of differ-
ent types of information into consistent structure called
4D model [7]. It contains the product and the process
model and thus integrates the information of geometry
and building activities into an integrated model. For pre-
viously mentioned problems regarding effective supervi-
sion or detection of differences between the planed and
the built respectively, we proposed a solution and devel-
oped a system 4D-ACT (Automated construction track-
ing) for automatic construction activity tracking
[8][13][14][15] by using logical, temporal and spatial
information [3] from a 4D model. The system 4D-ACT
enables generation of reports on differences between the
planed and performed activities [20]. 4D-ACT system
recognizes building elements [11] by using site images
and a 3D reference model, extracted from a 4D model. It
can also generate the animations of building process,
based on 4D model. The information flow of our solution
is depicted in figure 1 and will be describes in this paper.
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Figure 1. Scheme for 4D-ACT system.

2 4D MODELLING

Civil engineering has a long evolution and lots of experi-
ences with the building processes. Initially the human
beings built more or less by trying and learning on their
failures. Their first ideas were drawn on stones. Over time
the building process became more complex and required
methodical access to construction. Ideas drawn on stones
are transformed into drawings on paper and then to digital
representations of design plans. The next phase of the
digital evolution has been in developing complex models,
representing the building and the process. Two kinds of
models are the current result of this evolution:

- product model and

- process model.

Product and process models will be independently de-
scribed in the next sections as independent technologies
used in the building process. The 4D model represents
integration of product and process models [19].



2.1 Product model

With development of different geometry representations -
writing the internal geometry structure into computer - the
engineering branches quickly began to use more efficient
geometry structures for describing building properties like
acoustic, thermal, luminosity, material of building ele-
ments, color design, etc.

The integration of building properties and geometry allow
the construction of virtual buildings. From this kind of
model it is possible to make various building analysis,
which allow finding the optimal combination between
geometry, construction and materials for constructing a
contemporaneous building. A particular building property
has its own relationship to other properties, which defines
the set of dependencies between geometry and materials.

In this way the integrated structure of geometry and build-
ing element properties becomes complex. Writing this
structure into a file in a standard form is a difficult issue.
CAD tools enable the possibility to install additional soft-
ware components in order to write the integrated structure
into one of the standard forms. By using a common data
model companies could establish information flow and
could cooperate.

Engineers have seen the solution in the standard data
structure STEP — Standard for the Exchange of Product
data [9] and it was accepted as a standard in 1994. With
STEP it is possible to describe any product model, inde-
pendently of its complex geometry and property structure.
For practical use STEP has to be divided into many engi-
neering branches (civil, mechanical, engineering, ship
building, etc.), which are described with different applica-
tion protocols. Each protocol implements specific engi-
neering area and has its own code (AP203, AP209). We
already mentioned the complexity of product models.
STEP has the same problem and is impractical for high
abstract level usage. Proposed solution based on similar
concepts with predefined elements, which are ready to be
used, is IFC — Industry Foundation Classes [4], a collec-
tion of element definitions for the civil engineering area.

2.2 Process model

A process model describes the sequences of building ac-
tivities and dependences between them. In process model
are also included the actors and definitions of relation-
ships between actors and activities. Schedule plan can be
constructs on different ways. CPM —Critical Path Method
is one of method and can represents different levels of
activity details, and relationships between activities from
the schedule plan, which can be performed with tools like
MS Project, Primavera [16], etc. The disadvantage of this
method is its inability to solve time-space conflicts [2][3],
which means that the method cannot represent activities
from the same place at the same time. Users need their
own interpretation and have to construct the geometry
situation, by considering the schedule. By its sufficient
simplification in general CPM has been mostly used as a
method in schedule tools.
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2.3 Construction 4D model

The first generation of 4D tools was able to create time-
space representation of a building as an animation. The
next generation of 4D tools contained geometry and
schedule, represented by semantics. 4D model is defined
as connections between elements from product model and
activities from process model and has ability to solve con-
flicts like time-space and constructability [3][6][7][18],
before starting process of building. With such tools, site
managers can quickly check compliance of geometry of
the product model with the real building situation, and
schedule tasks with activities from the building site. Fig-
ure 2 depicts 4D model, constructed with 3D geometry
model and schedule plan.

4D tool
3D model L > > _‘
—] 1 L
—>

Schedule plan Time

Figure 2. 4D model.

3 4D-ACT

4D-ACT has three phases of development, which can be
identified as: testing pilots, base platform implementation
(4D tool) and development of elements building recogni-
tion (4D-ACT). At the end of this section benefits will be
discussed of such system and establishing of suitable en-
vironment between building site and office.

3.1 Testing pilots

Identification problems like obstructing project informa-
tion flow and time consumption during inspection an ac-
tual building process manually, suggested automatically
tracking activities on building site. Therefore our research
work was focused on the pilot projects in order to make
the definitions of requirements and features of specific
application libraries.

Previous section discus about 4D models with intercon-
nected relations between geometry and schedule plan,
created with 4D tool. Generally, accession into those 4D
model internal data structure is impossible. Therefore, we
decided to implement new 4D tool with accessible inter-
nal data structure. The application design was divided into
geometry application module and application module of
schedule plan.

3.1.1 Geometry application module

There is a wide range of application libraries, which has
already been implemented and tested. 3D ACIS Modeler
[1] is one of commercial 3D geometry engines and en-
ables developers to use complex geometry transforma-
tions and presentations on different ways. It is worldwide
used in companies with software development. The core



of 3D ACIS Modeler is written in C++ programming lan-
guage, but can be also used in the other programming
environment like: Java, Python, C and FORTRAN. Very
important part of geometry modelers presents the loaders
for different types of geometry. 3D ACIS Modeler can
loads geometry formats like: CATIA V5, CATIA V4,
IGES, STEP, VDA-FS, Pro/ENGINEER (Pro/E), Para-
solid (PS), Unigraphics (UG), SolidWorks and Inventor.
For advance solution with integrated geometry models is
necessary to load the data structures from standard forms.
For construction industry, most important is IFC standard,
which doesn’t support 3D ACIS Modeler.

Open CASCADE Technology [10] presents alternative
without fee request and support very similar features like
3D ACIS Modeler. The modeler core is written in C++
programming language and enables programming inter-
faces for different programming languages like Java, Py-
thon, etc. The set of geometry loaders is smaller and
modeler supports loading the geometry formats like:
IGES and STEP with application protocols AP203,
AP214 and AP209.

At the end of second pilot project it was concluded that
there is no need for such complex geometry modeler as
there are no requirements for geometry manipulations or
any other geometry transactions. For successful generat-
ing 3D reference model from 4D model, access into ge-
ometry data structure is needed.

3.1.2 Application model of schedule plan

Similarly as geometry application model, we made review
of applications for design schedule plans. Primavera and
MS Project 2003, which are using CPM method for de-
signing schedule plans, are the most wide used applica-
tion in industry. MS Project 2003 was chosen, because it
supports XML export and import functions, which en-
ables loading external schedule plans into application.

3.2 Base platform implementation

Conclusions from first phase lead to decision about using
appropriate programming libraries. Requirement about
geometry is ability of accession into geometry of VRML
geometry structure.

Openness and flexibility are very important application
properties and must be assured with suitable technology
and application architecture (figure 3), based on Java
technology. Figure 3 depicts the application architecture,
recognition process and both input data models like:

- 4D model and

- image model.

3.2.1 Geometry

The architects and civil engineers use accomplished CAD
tools to design buildings and construct independently 3D
design models, which have specific geometry structure
depending on geometry modeler and type of geometry
representation [21] (CSG, B-rep). 3D design models are
generated by different CAD tools and need different 3D
geometry Java loaders to further use the loaded geometry.
In general, each loader has specific geometry structure
and representation of geometry elements. Reusing the
same application module to manipulate with the loaded
geometry is generally impossible.
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The problem is solved by transforming the 3D import
model into an intermediate model, which establishes in-
dependent architecture and enables an undisturbed data
flow between 3D design model and 4D model. 3D import
model supports different types of geometry data formats
like: VRML, X3D, 3DS, OBJ, STL and DXF. CAD tools
can export the geometry model (3D design model) into at
least one of these formats.

4D model image model

3D design model camera

Auto CAD 2004/2005/2006
ProEngineer

time schedule
MS Project

images
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schedule import
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Figure 3. Architecture scheme for 4D-ACT application.

3.2.2 Application specification

Sun specification requires defined software structure and
consistent naming of classes and methods. The teams that
want to implement any peace of Sun specification have to
consider the recommendations. Users can chose between
different software, which have the same functionality and
are implemented on the same specification, but have dif-
ferent vendors. In evolution of an application users can
change their mind and choose an application module from
another vendor without any intervention into the source
code. In Java programming the application module calls
library, which is compressed file with the extension “jar”
(Java Archive).

The advantages of Sun specification bring us different
Java3D loaders [5] with the same internal programming
architecture. The choice of Java library to load 3D import
model depends on the library’s features. For loading 3D
import model we have chosen CyberX3D [17] library,
implemented by Satoshi Konno. It has the advantage to
support many standard geometry files like VRML, X3D,
3DS, OBJ, STL and DXF, and can load them. The second
preference of the library is based on VRML structure and
ability to translate other geometry types into common
structure, called SceneGraph, mapped from VRML
scheme. With Java3D developer can use such structure
and libraries to manipulate and render the scene with ele-
ments. The SceneGraph in original form is presented as
the geometry in our 4D model.



3.2.3 Time schedule

The process model is the second part of the 4D model and
represents the time dimension to the 3D design model. It
could be constructed in a different way by different
schedule tools. Engineers mainly use MS Project or Pri-
mavera for constructing the time schedule with CPM
method. Loaded time schedule needs prepared schedule
import model on accurate format, prepared by export
function from the schedule tool. Such model can be
loaded into our application.

3.2.4 Constructing 4D model

4D models cannot be written in the standard form. For
this reason we have develop a tool with ability of linking
the elements with activities from both models. Current
implementation supports construction of 4D model with
GUI. The connections between building elements and
activities are saved in the configuration file in the XML
form.

3.3 Development of building element recognition

The recognition algorithm has been divided into two
phases. Segmentation of the whole building object from
site images presents the first phase [12]. In second phase,
after segmentation, recognizes individual building ele-
ments of building object and identifies them, using
knowledge from 4D model.

3.3.1 Segmentation building object

The image model from figure 3 establishes repository of
images with required information like: camera position,
look at vector, up vector and timestamp. All these data are
needed for generating 3D reference model from 4D
model, which presents 3D geometry model for specific
timestamp.

Pixel presentation

Before segmentation each image has to be transformed
into HSV color space, where pixel component presents:

- H—-hue

- S — saturation and

- V —value.
For each pixel, recognition algorithm calculates values
for:

- texture,

- contrast and

- gradient.

Calculated pixel contains twelve values, written in vector:
p=I[col(H,S,V);u(H,8,V);e(H,S,V):g(H,8, V)], (1)

where col presents color in HSV color space, ¢ texture, ¢
contrast and g gradient of pixel.

Learning phase

For successful automation activity tracking the algorithm
has recognized the building elements from site images.
Recognized buildings elements are compared with the
elements from 3D reference model, which presents 3D
design model in time. First phase of recognition process is
segmentation, where algorithm separates the useful in-
formation from other on images. Before segmentation
process the algorithm have to contain criterions for seg-
mentation. The “teacher” has interactively marked the
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areas on site images, which present the building elements.
From these areas an algorithm teaches itself and generates
the base knowledge of element features. Average values
of elements features are compounded into universal crite-
ria function for segmentation process.

Algorithm region growing

Elementary principle based on region growing from one
or more starting pixels or region has to be members of
grown region. For these areas the algorithm checks, if a
neighbor pixels (down, up, left and right directions) cor-
responds of universal criteria function and includes only
the corresponding pixel into region. The process of grow-
ing is finished when is no neighbor pixels corresponding
of universal criteria function. The result is an area on site
image with similar properties as values from base knowl-
edge. Figure 4 depicts the results of segmentation process
on experimental images.

3.3.2 Building elements identification

The identification of particular building elements of
building object is necessarily for automatic findings ac-
cordance between planed and performed activities during
building process on building site. The algorithm from
segmented image tries to identify elements, by using 3D
reference model. Identified building element can be con-
nected with different messaging systems and thus im-
prove the project information flow.

Figure 4. input image (a) and result of segmentation (b).

3.4 4D-ACT benefits and challenges

In previous section were mentioned possible benefits of
4D-ACT system. The most important is improvement of
project information flow from designing phase to building
process and back into information system, as feedback
information. Feedback information contains reports like
material delivery services, successful finished activities,
failure situations, unexpected conflicts, etc. The collection
of reports could be as a repository of actions with several
advantages:

- easier recalculation of time period activities,

- reconstruction of situation on building site and

- clear presentations for critical events.

4 CONCLUSION

This paper presents the evolution process of 4D-ACT
system and separately describes different phases of devel-
opment. First phase covers inspecting different technolo-
gies to be used for implementation. Second phase presents
the architecture of systems platform and its development
for 4D model construction. The new 4D tool can gener-
ates animation of building process. Constructed 4D model



is needed as a base knowledge during recognition process.
Java3D was used for geometry structure and CyberX3D
as a geometry loader to establish independent architec-
ture. 3D reference model was described as generated from
4D model with additional calculated information to com-
plete missing information of image model in the recogni-
tion process.

After image segmentation algorithm has ability to identify
particular building elements. Advance messaging system
is logical continuation of system development as an inte-
grated application for total information support.
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VIRTUAL ROAD CONSTRUCTION — A CONCEPTUAL MODEL

Patrick Soderstrom, Thomas Olofsson

eBygg — Center for IT in Construction, Luled University of Technology, Sweden

ABSTRACT: Design, planning and logistics for road construction are increasingly performed using 3D models. These
models can subsequently be used to guide machines directly on site. At present there is no direct integration of 3D de-
sign and production planning of the construction work, which limits use of the 3D models for optimization and real-

time follow-up of mass haulage and machinery logistics.

This paper describes a conceptual model of an industrial process for machine guided road construction projects where
3D design is integrated with production planning, enabling production visualization (4D) and real-time follow-up. The
aim is to create an integrated working process to such an extent that redesign and replanning of activities and re-
sources can actively be optimized, based on observations and data collected during the production.

KEYWORDS: road construction, virtual construction, obsevational method.

1 INTRODUCTION

Construction projects are normally executed using cost
control rather than process control. Therefore, construc-
tion is focused on the management of the contractors and
subcontractors individual activities by planning rather
than understanding and control of the production process
based on observations of the production rate. In many
ways this prevents the implementation of new technolo-
gies and methods benefits and risks cannot be shared by
all actors in the project. In road construction work, new
opportunities have arisen due to the introduction of GPS,
(Global Positioning System), guided earthmoving equip-
ment. GPS can provide 3D positions anywhere on the
earth to those with the proper receivers.

There is growing interest in modern road design and traf-
fic route guidance. This is particularly true in larger pro-
jects such as highways, railroads, as well as construction
site preparation for commercial industrial areas and build-
ings. To meet these project demands, contractors are turn-
ing to 3D Machine Control Systems.

This paper discusses the possibility for a more efficient
design, planning and production process in machine
guided road construction projects.

2 POINT OF DEPARTURE

2.1 Theoretical aspects

Most construction projects in Sweden are contracted us-
ing transactional oriented forms, such as design-bid-build
contracts. The procurement process is often time and
money consuming and gives seldom the actors in the de-
sign and construction phase incentives for innovations
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and cooperation in order to improve the project execution.
Thus, the stakeholders often lack a common view on pro-
ject targets and how the execution should be designed, an
imperative condition to obtain a more efficient construc-
tion process, (Ballard & Howell). Furthermore the process
design is based on principles that assume activities to be
independent and sequential where the project manage-
ment is focussed on cost control rather than execution,
(Koskela and Howell). In reality activities are often inter-
dependent and in fast-track projects the pressure increases
the interaction between activities. As a result, stake-
holders are unwilling to co-operate leading to unsatisfac-
tory coordination, error prone information exchange be-
tween different stakeholders and sub-optimization causing
large amounts of waste at the construction site (Josepson
and Saukkoriipi 2005).

Another problem in civil engineering works, such as con-
structions of roads, dams and railways, is the risk in-
volved in planning and execution of such projects where
the ground conditions are relatively uncertain. The design,
selection of machinery and hence the costs are strongly
dependent on the field conditions for the project execu-
tion. Here, the possibility to modify the design and execu-
tion of the project as the conditions become more known
can offer a way forward.

There are at least three theoretical frameworks that can be
used to develop new methods and processes to make the
design, planning and operations of machine-guided road
construction projects more efficient:

- Influences from the lean production have inspired re-
searcher in the field of contruction management to de-
velop methods and tools that is known as lean con-
strution: “Managing construction under Lean is differ-
ent from typical contemporary practice because; it has
a clear set of objectives for the delivery process, is



aimed at maximizing performance for the customer at
the overall project level, designs concurrently product
and process, and applies production control through-
out the life of the project”, Howell (1999)

In the field of geotechnical engineering uncertainties
of field conditions have inspired researcher to propose
an approach that is reffered to as the oservational
method: “The Observational Method in ground engi-
neering is a continuous, managed, integrated, process
of design, construction control, monitoring and review
that enables previously defined modifications to be in-
corporated during or after construction as appropriate.
All these aspects have to be demonstrably robust. The
objective is to achieve greater overall economy with-
out compromising safety”, Nicholson et al. (1999).
Information management and especially on methods
for virtual design and construction: Fischer and Kunz,
(2004) defines Virtual Design and Construction as:
“The use of multi-disciplinary performance models of
design-construction projects, including the product
(i.e. facilities), organization of the design-
construction-operation team, and work processes, to
support explicit and public business objectives”, That
is, one would like to analyse, simulate and predict the
quality of the end product (e.g. a building, road,
bridge etc) and the characteristics of the process to
build and operate the product.

2.2 Technological aspects

In a machine guided project digital terrain models of road
sections are transferred from the design to different types
of equipment, such as rollers, graders, compactors, fron-
tend loaders, haul trucks, etc. The downloaded data is
used to guide the operator in performing the road con-
struction work togehter with sensors and a positioning
system, normally to a precision of 20 mm. The position-
ing is accomplished using Global Navigation Service Sys-
tem, (GNSS), optical instruments or laser. Since machine
guided projects require that the design is made using 3D
terrain models the foundation for creating a virtual plat-
form is made. However, the 3D model is mainly used to
create the digital data needed to automate surveying and
to monitor and guide the earthmoving operations, not to
improve the overall planning and execution of the project.

2.3 Process aspects

A typical Swedish road construction project (design-bid-
built) suffers from the following disadvantages:

- Lack of information in the quotation phase; the cost
estimation is based on uncertain quantities and sched-
ules where previous experiences and offers from sub-
contractors are used to calculate the total costs for the
project.

Focus on procurement in the pre-planning phase; this

phase focus on the amount of required resources,

mainly from the purchasing point of view, very little

time is spent on logistics and planning.

- No quantity infromation in production plans; the pro-
duction plan is mainly based on main activities and
milestones.
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- Lack of control in the operation phase; the production
plan is the base for the control. Since most production
schedules lacks detail information of mass quantities,
interim payments are often based on planned activities
not on the actual circumstances.

Lack of information for final financial regulation; the
total amount of quantities are calculated including
change orders that have been accepted during the
course of the project. However, the the lack of infor-
mation of quantities makes, e.g. changes in the project
difficult to regulate.

No systematic reuse of experience; lack of time and
detailed project information makes it hard to evaluate
the project efficieny.

3 A CONCEPTUAL MODEL

3.1 Introduction

The proposed process layout of machine guided road con-
struction projects is based on a combination of the follow-
ing ingrediants:

- An information deliver process based on a common
geometrical model of the road for different applica-
tions used in the design and construction process, such
as mass-optimization, estimation, planning, visualisa-
tion, generation of machine data and follow-up.

An integrated design and construction process to sup-
port modifications to be incorporated as appropriate.
Obstacles in contractual agreements between actors in
the project must be removed.

The management and control during construction is
based on measured performance from real-time meas-
ures of the locations of machine-guided earthmoving
equipment.

3.2 Information delivery process

The information delivery process is presented in figure 1.
The process is divided in 5 main activities:
l.Tender preparation. Normally, a road adminstra-
tion/owner prepares the tendering of the road project
by supplying information of the geotechnical condi-
tions, profiles and estimated quantities of mass sur-
pluses and deficits along the route. This information is
the input to the contractor for the bid preparation
process.
2.Bid preparation. To be able to estimate the cost the
contractor needs to make a preliminary schedule and
design for calculation of mass transports and use of
resources. Today, tools are available for planning and
optimization of the mass transportation, e.g. Dy-
naRoad™. For example, changing the elevation of the
proposed route can lead to a more economical mass
balance and hence a lower total cost for the project.
Therefore, this type of changes, or side offers, must be
possible to propose if it can be shown that it will not
lead to changes in functionality or safety.
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Figure 1. A conceptual information delivery process in a road construction project.

3.Detailed design and scheduling. In this stage the road
different sectional layers is detailed. A 3D digital ter-
rain model of the road project is prepared from which
numerical data for the machine guiding can be ex-
tracted. Also, this model constitutes the base for the
scheduling work and preparation of the 4D simulation
model.

4.Production. The schedule and 4D model is used to
communicate the intended work during the production
phase. During this phase observations of the actual
geotechnical conditions and the progress of construc-
tion may trigger changes in the design and schedule
and it is important that such changes are not excluded
by the contract.

5.Follow-up. In the field, these machine guided systems
often have remote control functionality and can report
back to control sofware often enabling the user en-
ables the user to download data, run settings and
monitor the operations, e.g. www.trimble.com. Based
on this information action can be taken to alter the de-
sign and/or the schedule during production.

4 INTEGRATED DESIGN AND SCHEDULING
BASED ON OBSERVATION

4.1 Design

Before earthmoving machine cuts the surface, there are
considerable planning, surveying and design efforts that
result in the project plan. The terrain model connects the
design engineer, surveyor, and contractor into an inte-
grated workflow using the same digital information to
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ensure accurate grading - and for site positioning during
and after project completion. Several powerful software
packages for geodesy and surveying are available today
that includes designing, setting out, surveying, drawing,
and reporting functions. Examples of Geodetic software
packages used in Sweden are GEO, (SBG 2007), and Ter-
ramodel, (Trimble 2007). They are used to produce road-
way designs, generate contours, calculate volumes and
export road data (3D faces) to machine guided equipment.

4.2 Scheduling

The common technique to schedule a road construction
process is the activity-based Critical Path Method (CPM).
Based on calculating how long it takes to complete essen-
tial activities and analyzing how those activities interre-
late, CPM provides a visual and mathematical technique
to plan, analyse, schedule and monitor construction pro-
jects.

The main concept of the method is that a limited set of
activities control the entire project. These activities to-
gether are called the critical path. If the activities on this
critical path can be identified and managed properly, the
fate of the entire project can be controlled. The final net-
work is often presented in a bar chart known as Gantt
chart that describes the proposed schedule of the project.
The customary approach is to prepare a master schedule
of this kind that is used as a basis for plans of more spe-
cific nature, like more detailed short-term plans (Koskela
1999). These CPM schedules are in many cases discipline
oriented and do not explicitly consider the spatial layout
and interaction between trades.
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Figure 2. An example of the use of Time-Location technique in road construction, adapted after DynaRoad (2007).

Time-location scheduling is a visual scheduling technique
that allows the planner to explicitly account for flow of a
project (Seppénen 2004). The practical use in construc-
tion has been limited, mainly due to the strong tradition of
activity-based planning and the absence of software pack-
ages that support location-based planning. Research on
location-based scheduling method has been carried out
since the 1940s and variations of the method appear in
literature under different names, such as ‘Line-of-
Balance’, ‘Flowline’, ‘Construction Planning Technique’,
‘Time-Location Matrix Model’, ‘Time-Space Scheduling
Method’, ‘Disturbance Scheduling’, etc. (e.g. Harris
1998, Kenley 2004). The Line of Balance method (LoB)
uses lines in diagrams to represent different types of work
performed by various construction crews that work on
specific locations in a project. In a road construction pro-
jects the spatial dimension is the distance along the
planned route, the road section. Figure 2 shows how the
method can be used to plan and control the progress of a
150 m long rock cut.

The essential steps are as follows:

1.Given the location for the work between road section
350 and 500, the amount of mass quantities and the
rate of production for the selected resources, the time
of production can be estimated to finish week 25 if the
works start at week 11.

2.The actual progress of the rock cut is shown as a
dashed line

3.0n week 18 an alarm is triggered since the work is 20
m after schedule.

4. A forecast show that if the current progress rate is re-
tained this part of the road section will be 6 weeks
late.

5.The site management decide to add resources to speed
up the work

6. This will put the project on time

This simple example illustrates the visual strength of the
Time-location method compared to Gannt charts. There
are at least two commercially available software packages
on the market, DynaRoad, (DynaRoad 2007) and Tilos
(Asta Development 2007). DynaRoad is specialized on
road construction and have support for calculating mass
balance and haul distances, evaluating costs of different
design and planning alternatives. Also the sofware can
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create optimized schedules and have support for monitor-
ing of actual hauls and control of project progress.

4.3 Production simulation, 4D CAD

4D CAD models are created by linking building compo-
nents from 3D CAD models with activities that follow
from CPM or Time-Location schedules, e.g. (Koh and
Fischer 2000, Jongeling 2006). The 4D CAD model pro-
vides the user with a clear and direct picture of the sched-
ule intent and helps to quickly and clearly communicate
this schedule to different stakeholders in a project. 4D
CAD models allow project participants to simulate and
analyze what-if scenarios before commencing work exe-
cution on site (Fischer and Kunz 2004). Based on Japa-
nese experiences, (Nakagawa 2005) illustrates the impor-
tance of visualization for the maintenance of a synchro-
nized and paced work-flow and for the implementation of
Lean Thinking in construction. Construction site workers
tend to focus on their own tasks and therefore become
indifferent to other related activities which often create
waste in the form of rework and work out-of-sequence,
particularly in projects with a large number of activities
and crews. Proper visualization of overall project progress
is encouraging workers to improve their own work and
the coordination with other work crews, which facilitates
work-flow while waste is reduced. Common for projects
using 4D CAD is visualization of design decisions and
improved communication of these decisions in the design
and construction phase (Woksepp and Olofsson 2006,
Jongeling 2006). Most of today’s 4D CAD models are
used to communicate schedule intent, often at a macro-
level in a project, using building components from a 3D
CAD model that are linked to activities that follow from
activity-based scheduling methods. However, there are a
number of research initiatives that aim to extend the use
4D models beyond this use (Akbas 2004, Jongeling
2006). Figure 3 shows a first attempt to visualize a road
construction project using the Ceco 4D viewer, (Ceco
2007).
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Figure 3. A 4D CAD view showing different scheduled activi-
ties in a hypothetical road project.

4.4 Observational control

Information observed during construction can be used to
optimise the remaining part of the construction or struc-
ture. This procedure is normally called the Observational
Method in geotechnical engineering, (Nicholson et al
1999). There are two types of observational data in a road
project that can alter the course of action in production
phase; geotechnical and progress information.

The Swedish Road Administrations guidelines, so called
ATB Vig, are normally used for the design of roads in
Sweden. However, these guidelines do not take into ac-
count the actual conditions of the underground and the
supporting bearing layers. This leads to wrong design
solutions due to lack of detailed geotechnical information.
SwePave, (Peab 2007), is an example of a developed ob-
servational method for the design of the road support
bearing layer. Using laboratory test and proven field test
during construction, the material characteristics in the
support layers is optimized. Also, soil stabilization meth-
ods can be applied.

Navon et al (2004) presented a model for automated con-
trol of earthmoving project management. The model is
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based on the concept of automatically measuring the per-
formance, by measuring indirect parameters—in this case,
locations. The machine locations are an indirect measure
of control data such as productivity (or progress) and ma-
terials consumption. The locations can be measured, at
regular time intervals, using the GNSS machine guiding
system.

These are examples of observational control of the design
and the progress in a road construction project. Deviation
from plan can be dynamically adjusted by changing the
design and/or the schedule during production. However,
any changes must be easy to implement using an inte-
grated flow of information, through (re) design, (re) plan-
ning, (re) scheduling and update of machine control data.

4.5 Information integration

Rebolj (1998) described an integrated information system
that intended to support an iterative road design and con-
struction process. Since, then the development and use of
machine guiding in road construction projects have laid
the foundation for the realization of such a system. The
first step of information integration is to enable the infor-
mation flow between the different applications used in the
process. Figure 4 shows the information flow in an inte-
grated detailed design and scheduling process that can be
triggered from the initial layout of the road or a change
order during the contruction work.

The steps are as follows:

1.The detailed design starts with breaking down the ini-
tial layout into locations in the design software. In
case of a change order this step can be omitted.

2.The different load bearing layers is designed accord-
ing to the assumed (initial) or actual (change order)
geotechnical conditions.

3.Information of the sectional geometries of the terrain
and load bearing layers are collected for use in the
scheduling process and export of machine data.

4.Mass optimisation and of cut and fills and a graphical
3D model is created from the sectional data.

5.(Re) sheduling of activities and mass haul transports
are made using Time-Location technique.

6.The (changed) production plan is visualised (4D) by
combining the 3D model with the schedule.
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Figure 4. An integrated information flow between different applications in the detailed design and scheduling process.
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The locations of the guided machines can be used to show
the production progress in the Time-Location schedule
and/or the 4D viewer. In case of a schedule change only
step 5 and 6 needs to be performed. A redesign involves
step 2-6 for the sections affected by the change.

5 DISCUSSION AND CONCLUSIONS

This paper has presented a hypothetical working process
of the design, planning and execution of machine guided
road construction project based on an integrated informa-
tion flow between different applications used in a ma-
chine guided projects. The concept is based on the (3D)
terrain models needed to execute machine guided road
construction projects. Three methods or philosophies are
used in order to create a more efficient design and
contruction process; the Observational Method, Lean
Construction and methods applied in Virtual Design and
Construction. The proposed design and planning process
is based on existing technologies and software availaible
on the market. However, the information flow (ex-
port/import of data) between these applications needs to
be developed.

The suggested process as a whole needs to be proven in
real road construction projects. The suggested methods
for control e.g. monitor of machine locations must also be
tested and refined. Is it possible to get geotechnical in-
formation of the ground conditions directly from reported
machine data? Can mass quantities and transports be
traced more accurately using other measures than loca-
tions?

When these issues been resolved and proven in practice
the natural next step would be to implement a central in-
formation server solution, a “Road Information Model”,
as proposed by Rebolj, (1998).
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4D CONSTRUCTION SEQUENCE PLANNING — NEW PROCESS AND DATA MODEL

Jan Tulke', Jochen Hanff*

! Bauhaus-University Weimar, Dept. Informatics in Construction, Germany
? HOCHTIEF ViCon GmbH,Essen, Germany

ABSTRACT: Model based working is only just getting introduced in the construction sector to support design and pro-
Jject management.

In particular, construction sequence planning as one of the key processes in a construction project can benefit from
model based working. Since the time schedule defines sequences of activities and allocates resources such as material
and labour, it plays an important role in optimizing and managing a construction project. In this respect, model based
working can offer more to construction sequence planning than just a visualisation of the construction sequences, in
which the term ‘4D simulation’ is today commonly understood.

Still, available 4D simulation software packages do not engage in the scheduling work but require major additional
effort after the time schedule has been finished. The links between the objects of the 3D CAD model and the activities of
the time schedule have to be established manually, i.e. the user has to select certain objects and assign them to a related
activity in the time schedule. Furthermore, a 4D simulation merely adds limited value due to a restriction to visualisa-
tion of construction sequences only.

This additional effort for creating the 4D simulation and limited benefit of having a visualisation of construction se-
quences only, seem to be the main drawbacks as a result of which 4D simulation still has not crossed the threshold to
daily practice.

To significantly improve the efficiency of creating a 4D simulation this article presents a solution for creating time
schedules and 4D simulations based on data stored in a building model.

KEYWORDS: 4D simulation, scheduling, construction planning, model based planning, building information model.

1 INTRODUCTION of which 4D simulations have not yet become daily prac-

tice in construction projects. The most important draw-
Current planning processes in the construction industry  back within real scale construction projects is the lack of
are still mainly based on 2D drawings. On the other hand  a concept to prepare the 4D simulation within appropriate
model based planning methods can improve communica- time and in parallel to the creation of the construction
tion among project stakeholders and help to avoid plan-  schedule.

ning failures. They also enable continuous optimisation of Today’s 4D software packages mostly presuppose the
the construction project already during early design  existence of a complete time schedule and a related 3D
phases by investigation of different design alternatives. CAD model with an adapted object granularity. These
Thus building models support the project team to make a  goftware packages offer manual or semi automatic meth-
qualified choice out of a range of possibilities. ods for linking tasks of the time schedule to sets of CAD
A well known concept in this respect is the 4D simulation ~ objects and provide means for a detailed definition of
of construction sequences which is an adequate tool for  visualisations.

visualizing inherently abstract and complex time schedul- Following this concept, manually linking individual ac-
ing data which are otherwise buried in deeply nested tjvities to CAD objects turns out to be a very time con-
Gantt charts. Today’s available 4D simulation software is suming and cumbersome task. Furthermore this task is
in principle capable to generate visualisations which intui- generally not performed by the project scheduler because
tively illustrate construction processes along the timeline.  of 4 Jack of integration of 4D functionalities into existing
By linking the objects of a three dimensional model to the  standard scheduling software. This degrades 4D planning
tasks in a time schedule, it helps to reduce major schedul- {4 a non-interactive process, and issues encountered dur-
ing errors just by inspection and improves communication  ing evaluation of a 4D simulation are only addressed after
within the project team. the time schedule has been completed.

But even though advantages of 4D simulation are gener-  Another major drawback is that 4D simulation generates
ally recognized, there are also some shortcomings because  jts value mostly from visualisation and inspection. Other
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closely related dimensions like material or labour re-
sources are usually not evaluated by 4D simulation pack-
ages.

In conclusion the step to daily practice could only be
taken if the creation of a 4D simulation is significantly
streamlined and closer integrated into the scheduling
process, thus creating substantial benefits for the project
scheduler. In addition further product information has to
be incorporated into the simulation.

Since the creation of a time schedule is based on data al-
ready stored in a building model, using this data while
creating the time schedule — combined with automatical
linking of objects and activities — will generate additional
benefits and substantially speed up the preparation of 4D
simulations. As a result a 4D simulation could directly be
used for supporting the scheduling work instead of just
for validating it by subsequent plausibility checks.

This article presents a solution for creating time schedules
and 4D simulations based on data stored in a three dimen-
sional building model. To significantly improve the crea-
tion of a 4D simulation, we suggest a new approach
which also takes the bill of quantities into account. If
CAD objects are linked with quantities, selecting objects
and evaluating the associated quantities instantly gener-
ates benefit for the scheduling process and also improves
4D simulation as well as resource planning. In the follow-
ing we describe the impact on the scheduling process and
the underlying data model. We also illustrate advantages
and will give an example from a real-scale construction
project.

2 TODAY’S 4D SIMULATION IN DETAIL

2.1 Process

A time schedule specifies the tasks to design and erect a
building, the duration of these tasks and the relationships
between the tasks. The duration of a task is based on
quantities of the building which are mainly calculated on
the basis of 2D drawings. In order to generate a 4D simu-
lation, a three dimensional model has to be created. This
is followed by the very time consuming manual or semi
automatic linking of 3D objects to the tasks in the time
schedule. During linking, adjustments of the CAD objects'
granularity to the requirements of the time schedule are
necessary; due to complexity of the CAD software, this
involves CAD specialists in the 4D simulation process.
After additional definition of visualisation parameters the
4D simulation can be inspected in a separate 4D viewer
package.

As shown in figure 1, there are two lines in the process
which both start from 2D drawings. One aims to deliver
the geometrical representation of the project (3D CAD),
the other aims to determine the duration of tasks and the
relationships between tasks.
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Figure 1. Today’s 4D simulation process. All processes in both
lines are performed manually.

Three software packages are involved in the creation of a
4D simulation (see Figure 2). A 3D CAD model and a
construction schedule are created using standard software.
Both packages do not interact and do not share any in-
formation. The data of both applications are exported
separately to the 4D simulation package. This package
provides means for linking both models, to define visuali-
sation parameters and to control the simulation.

When applying this concept, vast potential inherent in
computer models remains unexploited and a tremendous
effort is required to perform validation of the completed
schedule just by visualisation and inspection.

If a semi automatic concept is used, the linking itself is
performed automatically based on rules. This speeds up
the linking process but the user still has to manually as-
sign attributes to each CAD object in order to link objects
to activities in the time schedule.

CAD

Time schedule

Figure 2. Involved software packages in today’s 4D simulation
approach.

If errors in the time schedule are detected, changes in the
model or the time schedule are required or adjustments to
the granularity of CAD objects are necessary and some of
the links between CAD objects and activities have to be
changed. Several revision loops are usually needed to



achieve the desired quality and precision of the time
schedule and the related visualisation.

Each revision loop comprises the following tasks:

- adapting and refining the time schedule (project
scheduler)

- changing the granularity of the 3D CAD model (CAD
specialist)

- exporting data to the 4D simulation package

- linking the 3D model to the tasks of the construction
schedule

- adjusting visualisation parameters

- running the 4D simulation

2.2 Data model

A 4D simulation visualizes construction sequences on
task level. Each active task is visualised by highlighting
associated construction elements. Tasks which can not be
linked to construction elements, such as milestones or
activities concerning design processes, are not visualised
in a 4D simulation.

There also are some CAD objects which are not assigned
to any task because they do not change during construc-
tion, e.g. the surrounding environment.

On the other hand, CAD objects can sometimes be as-
signed to several tasks to visualise different activities as-
sociated to the same construction elements. Figure 3 illus-
trates the relationships between objects in a CAD model
and activities in a time schedule.

3D CAD construction schedule
O »:I
0o 0 OT— T —7-—x
”I/ [———————————————————]

manual
linking

4D simulation

)

Figure 3. Relationships between CAD objects and schedule
tasks.

The links are stored explicitly which means they have to
be adjusted manually each time any change occurs either
in the CAD model or in the time schedule.

Common 4D simulations provide a visualisation of con-
struction sequences only. An evaluation of quantities or
resources over time is not provided.

3 NEW APPROACH

3.1 Process

Building Information Models (BIMs) consist of three di-
mensional building elements with rich semantics and rela-
tionships between the elements. The elements store in-
formation about form, dimension, material etc. In this
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respect, geometry is just one part of the information pro-
vided by a BIM.

When assembling the time schedule of a project for each
task the duration has to be determined. The duration de-
pends on quantities and other parameters such as con-
struction method, complexity of a project, boundary con-
ditions, assigned personnel resources and equipment.

Using a BIM, the determination of task durations can be
directly supported by selecting quantities from the model.
The bill of quantities is derived from the building model
by adding all partial contributions from individual CAD
objects to one item in the bill of quantities. Besides quan-
tities derived from the CAD model the estimator also adds
manually collected quantities to the bill of quantities.
These manually determined quantities are not included in
a 3D model because to model these items as 3D objects
would be too complex and time consuming.

The quantities — comprising both quantities from the
model and manually added quantities — can be used to
determine the duration of tasks. In order to use the objects
and the quantities the data are stored in a relational data-
base. Using a database enables the project scheduler to
select quantities on task level by applying a standard
query language (SQL). Based on CAD object properties
the project scheduler can select only those quantities
which satisfy certain restrictions such as type of objects
(e.g. walls, columns, slabs), levels in the building (e.g. 1¥
and 2™ floor) or certain trades (e.g. concrete work, steel
work). When selecting quantities from the database and
storing the selection query for a certain task of the time
schedule, the relationships between activities and CAD
objects become gradually established and do not have to
be introduced afterwards for a 4D simulation only. Using
a query language results in a rule based linking of a model
to a time schedule instead of linking objects to tasks by
explicit selection. In contrast to the traditional way this
approach for determination of task duration saves time
and increases accuracy. Furthermore, resources and mate-
rial consumption can be evaluated along the time line.
Because of the rule based connection between the bill of
quantities, CAD objects and activities, changes are easily
handled and the 4D simulation can be updated automati-
cally.

Figure 4 illustrates the process.

» addmanua |
quantities

v

assemble
quantities

bill of
quantities

N propretr rf method ‘query language
A
[

| ( assign resources
> 3DCAD | |gp select quantities b and performance
) \

values
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3D model

calculate single
) task duration
AS .
A // !
N~ - - —
-_ _

—
calculate complete
optional f design process in 2D schedule

v

~ schedule

4D simulation

Figure 4. Preparation process of a 4D simulation in BIM con-
text.



3.2 Data model

Figure 5 shows the software packages used to perform the
process delineated in 3.1. Basically, the data flow can be
divided into two parts: estimating and scheduling. In both
parts primarily two software packages are used which
exchange data with each other. In Figure 5 this communi-
cation is depicted as interface A and as interface B.

Interface A is an interface between a CAD system and a
software application for creating a bill of quantities. In
available software applications quantities are calculated
from CAD objects and transferred to the bill of quantities
using proprietary interfaces. The bill of quantities is cre-
ated by an estimator.

Interface B illustrates the communication between a pro-
ject database and an application for scheduling. Initially,
the project database is populated with the CAD objects
(attributes) and the calculated quantities. The time sched-
ule is created by a project scheduler. The intersection be-
tween estimating and scheduling is the bill of quantities
which is stored in the project database.

timati 3D CAD with ,,/ — room book
< A
estimating attributes %// bil o quantities
= 7
N 0
attributes quantities
N
project data |/ L_IN\ construction | 1 performance
gegety base |\ ® A schedule N and resource
/ _ values
p time, quantities and =
. - - resource
scheduling object relation i i

Material and

resource
diagram

4D viewer

Figure 5. System components for support of model based sched-
uling.

The project scheduler specifies a rule to select a subset of
the bill of quantities which is associated with an activity
in the time schedule. Since the items of the bill of quanti-
ties are derived from the model and therefore implicitly
linked to objects in the model, the properties of the 3D
objects can be used to select this subset of the bill of
quantities. The used properties can be a type of construc-
tion element, material, location or other. The rules are
stored in the project database. The duration is calculated
from the value of the selected quantities and a chosen
performance factor. The duration of each activity, chosen
parameters such as trade, performance factor and name of
quantity items are written into the time schedule. Having
this information in the time schedule enables the evalua-
tion of material and resources along the time line.

Besides items in the bill of quantities which are derived
from the 3D model, the bill of quantities also contains
items which are added manually by the estimator. This is
the case if the CAD model is not detailed enough or man-
ual identification of quantities is faster, e.g. for complex
facades. To visualize these items in a 4D simulation,
some proxy objects have to be added to the building
model. The link between an activity and the associated
proxy objects has to be specified explicitly by the project
scheduler.
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Figure 6. Relationships between the different data sets in the
new 4D simulation approach.

During creation of the time schedule, the project database
is gradually filled with links between quantities and ac-
tivities in the time schedule. After the time schedule has
been completed, the geometry information from the CAD
system, the start and end dates of activities from the
scheduling software and the object relations from the pro-
ject database are exported to a 4D viewer.

As the links between activities and CAD objects are es-
tablished in parallel to schedule creation, 4D simulations
could possibly already be used by the project scheduler at
any time during work to verify the preliminary schedule.

Figure 6 illustrates the relationship between the objects in
the different software systems. It also shows the intersec-
tion of objects handled by the estimator and project
scheduler.

4 EXAMPLE

The new 4D simulation approach has been tested on the
model of the new corporate headquarters of the media
group "Siiddeutscher Verlag" in Munich, Germany. The
project is a 28 storey high-rise office building with a total
height of approximately 100 meters and a total floor area
of 78,400 m?. The construction period of this project is 36
months. The project website can be accessed at

http://www.sv-hochhaus.de. Figure 7 shows the project as
visualisation and during construction.

Figure 7. Project visualisation and photo from on-site webcam.
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Figure 8. 3D CAD model, bill of quantities and Gantt chart of construction schedule.

The CAD model consists of 40,000 objects and the con-
struction schedule includes 800 tasks, 600 of which have
been visualised in the 4D simulation. The bill of quanti-
ties contains 70,000 items (see Figure 8). The software
tool used and the resulting 4D simulation are shown in
figure 9 and 10.

To compare the work input required for creating a 4D
simulation in this project, both the new and the old ap-
proach have been applied. The time schedule was already
completed and was based on manually calculated quanti-
ties. Following the new approach, on task level, the
manually calculated quantities could be verified by means
of comparison with those derived from the model.

Linking CAD objects and tasks by explicit selection of
objects took 4 working days.

In case of changes in the model, the creation of the 4D
simulation takes the same period of time. Linking the

B +dselections L

Tools.

model and the time schedule based on the database by
using a query language took half a day. Setting up the
database and exporting the model and the quantities to the
database took an additional 4 hours Changes in the model
only demands a reload of the data and the application of
the rules stored in the database, which does not take more
than a few minutes.

Comparing the quantities from the BIM and the quantities
manually estimated for creating the time schedule, the
BIM quantities proved to be more accurate.

If the linking had been performed in parallel to time
schedule creation, additional time savings would have
been generated because manual determination of quanti-
ties for predicting task duration would not have been nec-
essary.
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Figure 9. Selection of CAD objects and quantities based on SQL - preview of selected objects and quantities at the bottom.
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Figure 10. Snap-shot of resulting 4D simulation.

5 CONCLUSION

5.1 Summary and future prospects

The aim of the presented approach is to significantly
speed up the preparation of 4D simulations by using 3D
models and selecting objects with a standard query lan-
guage like SQL. Another goal was to reveal additional
benefits by a closer integration of the linking process into
the scheduling practice. This should give the project
scheduler an interactive and efficient tool to constantly
verify his scheduling work.

The concept has been validated on a real-scale construc-
tion project. In addition, storing links between the product
model (CAD/BIM) and process model (time schedule)
enables quick updates of the 4D simulation in case of
changes either in the model or the time schedule. More-
over, resource information incorporated in the schedule
can be directly evaluated and the schedule adopted ac-
cordingly.

The new approach proved to significantly reduce the time
and effort required to prepare a 4D simulation and will
thus help to take the last step into daily practice. This is
desirable because the consequent and interactive use of
4D simulation will definitely help the project scheduler to
optimize construction processes to a much higher degree
than today’s 4D software does.

The highlighted advantages of the introduced concept are
independent from the actual project size but especially for
large projects with thousands of objects and processes the
effort for creation and maintenance of the schedule is cut
down significantly.
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Once scheduling information is deeply rooted in the
model data, several related evaluation and simulation pos-
sibilities open up, e.g.:

resource planning (materials, labour, equipment, dis-
posal)

planning of site equipment (storage area, production
area, crane area, logistics)

comparison between "as-is" and "as-planned"

payment schedule and billing support

simulation of safety areas during construction
simulation of evacuation paths during the construction
phase

changing traffic conditions

5.2 Features still required

Another major drawback in the 4D simulation process is
that the granularity of the CAD objects has to be adapted
to the requirements of the construction schedule. Because
of the complexity of the software systems, CAD special-
ists are needed for this task. Project schedulers therefore
are not always in a position to interactively investigate
different schedule alternatives. To overcome this situa-
tion, an automatisation is needed which could divide up
existing CAD objects and their related information ac-
cording to schedule needs.

Further development is also necessary with regard to
visualisation. Display, hide and highlight functions are
not suitable for all processes. Scaling and moving of con-
struction elements or equipment also has to be supported.
Suitable representations for certain types of processes
have to be developed as templates to further speed up the
preparation of 4D simulations. In addition, useful con-
cepts for easy visualisation of processes inside a building
are still not included in today’s software packages but
would be of particular interest.
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SOFTWARE DEVELOPMENT APPROACHES AND CHALLENGES OF 4D PRODUCT
MODELS

Janne Porkka, Kalle Kdhkonen
VIT Technical Research Centre of Finland

ABSTRACT: Experiences from projects utilizing 4D have been promising. Several companies together with researchers
have seen 4D applications as potential products for lucrative business. The promising business prospects have resulted
in numerous more and less intuitive attempts to develop such products. This paper draws commonalities from various
approaches and reviews 4D applications from the viewpoint of product models. It is considered that now it is an appro-
priate time to look at the development strategies and achievements so far, and, based on lessons learned show the way
forward.

First the principles for reaching 4D product models are covered. Various approaches in current commercial 4D appli-
cations are considered. One of the solutions used as ground information is Visual Product Chronology (VPC), devel-
oped by VTT.

Second the paper addresses the obvious challenges of 4D product models. There are obstacles waiting to be resolved
before 4D is comprehensively harnessed for project management purposes. One of these obstacles is standardization,
or more specifically the lack of it. One of the most potential formats for open BIM standard is Industry Foundation
Classes (IFCs). The use of IFCs for scheduling and 4D purposes is discussed.

Finally new approaches from on-going research project 4DLive are addressed, preliminary results recognized are 1)
open communication protocol for application integration, and 2) building site scenery linkage to product modelling.
Possibilities and benefits exist on advanced designing and marketing solutions.

KEYWORDS: BIM, 4D, scheduling, data exchange.

1 INTRODUCTION holders to identify potential problems and increases

common understanding through visual communication
Over the past two decades building and construction in-  even to stakeholders with insufficient knowledge. Making
dustry has experienced significant changes. Project man-  virtual prototypes before actual construction is in wider
agement applies knowledge, skills and techniques to pro-  context an interesting topic in relation to building infor-
ject activities to meet project requirements (Project Man-  mation models.

agement Institute 2004). In modern project environment  Great potential has been consolidated to 4D — it is suitable
these techniques are highlighting advanced IT systems — for solving conflicts and preventing problems pro-actively
and building information modelling (BIM), or product in ap effective manner. Alan Kay stated in 1971 that "the
modelling, is a hot topic worldwide. Being successful  pest way to predict the future is to invent it". This paper
involves that the scope of building construction is con-  considers first 4D software development approaches, then
tinuously scouted by representative body of stakeholders.  presents associated challenges and recognizes obstacles
Various tools are needed in modern project management slowing down the take up of 4D applications. New ap-

and intelligent time management has great importance  proaches from Finnish 4DLive project are prescribed and
especially when conflicts arise. Traditional scheduling .onclusions are made in the end.

techniques, such as Gantt charts, have certain limitations
and require coordination when clearly understood be-
tween stakeholders.

Combining building product model to corresponding con- 2 VARIOUS 4D APPROACHES

struction schedule, 4D CAD concept, has been an inter-

esting research theme for 30 years (e.g. McKinney and Several companies together with researchers have seen
Fischer 1998, Koo and Fischer 2000, Bergsten 2001, Ka- 4D applications as potential products for lucrative busi-
mat and Martinez 2002, Kihkonen and Leinonen 2003,  Dess. There have been more and less intuitive attempts to
Heesom and Mahdjoubi 2004 and Jongeling 2006). Koo ~ develop such products.

and Fischer (2000) revealed that 4D helps project stake-
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2.1 Commonalities in various 4D approaches

Software packages have commonalities in approaches.
Jongeling (2006) noticed grouping possibilities based on
detected common features. Following three 4D applica-
tion types provide background for analysis of the individ-
ual 4D applications in the next section.

1. Rapid prototyping applications. Optimized to visual
impressiveness and contain attributes for timing. Solu-
tions are typically custom-made, e.g. for public rela-
tions or marketing purposes. Examples: 3D Studio
Max, EON Reality, VirTools.

2.4D CAD. User-type specific approach on planning,
widely recognized in literature. Solutions contain
scheduling functionalities and/or support imported
schedules. Latest efforts indicate that product model-
ing emerges 4D CAD to other simulations and analy-
ses, such as costs. Examples: Graphisoft Virtual Con-
struction, Enterprixe, and Tekla Structures.

3. Integrative applications. These applications facilitate
geometry and schedule linking and are either focused
on presentation and advanced collaboration possibili-
ties amongst project stakeholders. Examples: Ceco4D,
CommonPoint Project4D, Navisworks JetStream and
Visual Product Chronology (VPC).

2.2 Retrospective analysis of 4D applications

Retrospective analysis is based on literature review (Kéh-
konen and Leinonen 2003, Sheppard 2004, Heesom and
Mahdjoubi 2004, Jongeling 2006), investigation of soft-
ware packages (4D links 2007) and interviews committed.
Applications were investigated in relation to product
modelling especially how the information process is de-
termined. It is an appropriate time to compare various 4D
approaches since adequate time has passed from first 4D
implementations. It could be helpful for showing the way
ahead for next generation 4D applications.

Tentative results are presented in Table 1. This paragraph
gives guidelines for readers and clarifies information in
columns. The assessment of geometry (3D) and corre-
sponding schedule (4D) have been evaluated separately.
In 3D the functionalities for designing (create geometry)
and/or importing 3D model from other applications (im-
port geometry). According to 4D same functionalities
were considered (manual scheduling and import sched-
ule). Special interest in geometry and schedule was paid
to streamlining process (dynamic update); is the manipu-
lated information automatically updated to corresponding
data.

Visual Product Chronology (VPC) was used as analysis
baseline. It comprises IFC 2.0 compliant CAD package to
MS Project compatible scheduling software in infegrative
4D application. 1t has been developed by VTT in Diver-
city project (Divercity IST-1999-13365). The primary
goal of the solution is the resultant IFC2.0-4D model that
links 3D model and time together (Kdhkonen and Lei-
nonen 2003). Further discussions data exchange and IFC
standard are carried out in following chapters. Tool has
dynamic schedule update.
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Table 1. Retrospective analysis of available 4D applications.

é@@&&éjv,
LT TENES
S §

%

SOFTWARE TYPE REMARKS PURPOSE

Cost, wark-flow,
resources, colisions,
cataloque, LOB scheciing

Graphisoft Virtual
Construction

User-type spesific
planning
User-type spesific
planning, one
Autodesk based
modeling client

4D CAD |yes:yes!yes|yes yes

Work-flow, site, 2 user

interfaces for modeling,

server solution, shared
model over internet

Enterprixe 4D CAD |yesiyes;:yes|yesiyes: yes

Structural design, work-
flow, production, User-type spesific

[Tekla Structures 4D CAD |yesiyes:yes|yes:yes yes procurement planning

Work-flow, visual

Integrative | no :yes:yes|yes:yes ! yes comparisons Standalone

Ceco4D
Navisworks JetStream
(Timeliner and
ClashDetective)

Visual Product Chronology
(vee)

Integrative | no ; yes !yes|yes:yes!yes Work-flow, logistics

Wiork-flow, collsions;
extensive format support,
management

Standalone, free

no ;yes !yes|yes:yes  yes viewer

Integrative
Integrative,
research

Wark-flow,
IFC2.0(30 +ame)

yes yes :yes  yes Standalone

Common Point with Project4D is forerunners of 4D. Inte-
grative 4D application provides 4D playback for con-
struction sequencing, movements and site management
features, visual comparisons on status and planned pro-
gress, and communication for analyzing model with pro-
ject stakeholders. Hence, both geometry and schedule are
dynamically updated. It is also possible to add comments
to schedule simulations. In data exchange Project4D sup-
ports IFC in geometry.

Graphisoft Virtual Construction operates shared model
assembled from objects in catalogue including recipes,
elements, methods, and resources amongst many others. It
manages spatial aspects of a construction project in
scheduling, facilitating Line-Of-Balance (LOB) method
in Graphisoft Control, often neglected in Gant charts
(Seppédnen and Aalto 2005). Latest version 2007 enables
2-way-functionality between shared mode and schedul-
ing. Catalogue provides content selection for visualiza-
tion; e.g. actor’s resource allocations can be simulated in
4D. Software package has dynamic update in geometry
and schedule.

Enterprixe is server solution facilitating shared model
communication over the Internet. One of the modelling
clients is Autodesk based. It has two user interfaces for
3D/4D; one for designer and planners and other for manu-
facturing (factories) and construction site through web
browser. The latter commits restricted functions to shared
model and has always the latest model revision for work-
flow planning and coordination. 4D capabilities are
mainly used in work-flow simulations. Shared model fol-
lows the hierarchy set by main user and geometry and
schedule updates are dynamically managed.

Tekla Structures is structural engineer’s tool for managing
concrete and steel structures. It enables functionality for
design coordination, production planning and procure-
ment. Solution facilitates integrated model; from engi-
neers further to product manufacturing. In this substance
4D is rather new functionality; enabling virtual construc-
tion simulation of work-flow and assembly order. Geome-
try and schedule are dynamically updated, current 4D
presentation functions are under development.

Swedish Ceco4D tool is used for communicating the
work progress. Due to format selections (3D in VRML,;
schedule in XML) it has great interoperability; although
made solution may complicate dynamic updating func-



tions. Interesting aspect in CECO4D is simulation of spa-
tial aspects (Jongeling 2006).

Navisworks JetStream (Timeliner and ClashDetective) is
an integrative product for design reviewing and project
management; mainly to understand design intent, con-
struction plan and current project status. Animation of
construction schedules contributes risk identification and
reduction of waste as a result of better planning control. It
has extensive format support and enhanced collaboration
possibilities. Geometry and schedule are dynamically
updated when changes occur in source. Timeliner uses
Clash Detective to check time and space co-ordination
and improve site and workflow planning. Solution can be
tailored to stakeholders; user interfaces e.g. to data ma-
nipulation and viewing.

Analysis conducted CAD and integrative 4D applications,
primarily targeted to work-flow simulations. Functional-
ities of various 4D software are at the moment increas-
ingly automated and streamlined. The current capabilities
do not provide so much support for the actual schedule
preparation process and related reasoning. Typically tools
are used in design phase where use scenario is balancing
between competing demands for quality, scope, time and
cost. Compared with this 4D is more focused on under-
standing the validity of the construction process and thus
it focusing on understanding potential problem areas and
decreasing the overall project risk to enhance project suc-
cess.

Project management has 4D interest regarding status and
progress control differing sometimes greatly from e.g.
planners point-of-view. Currently project meetings can
leverage 4D to design reviews, design alternatives and
‘what-if” scenarios and verifying constructability. Navis-
works provides support for cross-discipline design re-
views (e.g. HVAC, Structural, architectural) and time-
driven collision checks. According to Navisworks Finland
the functionality has been very useful. From projects per-
spective the increased communication is needed in trou-
blesome targets, whether this means checking main or
work schedule, such as panel assembly.

Reporting from 4D application is currently strongly based
on visual simulation. Two time management mechanisms
have been adopted; 1) uniform time models (time runs in
e.g. week, day, hour and minutes), and 2) activity-based
models (navigate through tasks). Many of the solutions
provide customization of visibility settings; it may be
possible to change e.g. transparencies, colours and add
text comments to simulation. This increases flexibility
and adaptability to multiple purposes.

3 CHALLENGES OF 4D PRODUCT MODELS

The retrospective analysis of 4D applications revealed
obstacles that need to be resolved during comprehensively
harnessing 4D for projects. Challenges in IT systems are
often in relation to adaptation strategies. Fox (2006) in-
troduced levels for adaptation as automational, informa-
tional and transformational described in Figure 1. Analy-
sis revealed that the 4D application main stream has
reached automational and informational levels by offer-
ing automation reducing required manuel work and con-
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solidating data to product models and new functionalities.
Unfortunately the issues of complexity and labour inten-
sive linking have not fully overcome (Heesom and
Mahdjoubi 2004). Business forerunners are seeking last-
ing competitive advantage from transformational ser-
vices; 4D solutions have e.g. better synchronization be-
tween stakeholders, increased support decision-making
and integration to data management systems and other
modelling packages improves.

. Long Lasting
o TRANSFORMATIONAL Competitive
ncrease Advantage

Functionality INFORMATION AL
Increased
Productivity AUTOMATIONAL
Increased
Oper’alional Tactical Slrategic
Thinking Thinking Thinking

Figure 1. Adoptation strategy for industry regarding computer
models of buildings and relating applications know also as Vir-
tual Building Environments i.e. VBEs (Fox 2006).

3.1 Obstacles restraining utilization

There are issues explaining relatively slow take up of 4D
technology, although benefits and cost savings have been
reported (e.g. Fischer and Kam 2002). A recent industrial
practice study in Finland revealed that BIM utilization has
clearly increased (Kiviniemi 2007). Unfortunately major
share of building construction projects is not utilizing
latest BIM tools. However, over eighty percent of Auto-
desk BIM authoring software clients sees the need for re-
evaluating ways of working (Sullivan 2006). Currently
the bulk of design time is spent for producing construc-
tion documents that have earlier fixed costs. Clear indica-
tions for the need to develop adaptable process exists and
possibilities to utilize intelligent technologies, such as 4D,
improved. Roadmaps for ICT in construction concluded
trends for enhancing after design life-cycle phases, such
as use and maintenance (Hannus et al. 2003, Kazi and
Hannus 2006). Stakeholders could also get long lasting
competitive advantage from virtual design teams operat-
ing in integrated data management systems.

Methodological development should concentrate better on
4D model creation and manipulation automation towards
non-labor intensiveness and integration to product model
content (Tanyer and Aouad 2005). Analysis concluded
that main outcome of 4D is the visual representation.
Therefore it is justified to argue that new, appropriate
ways for reporting should be developed in order to sup-
port decision making. Heterogeneous application field
raises also data exchange problems and range of vendor
specific formats possibly reduces interoperability.

Current 4D applications have enhanced automational and
informational functionalities. Development of transforma-
tional functionalities requires more user-orientation. Cur-
rently the modeller makes the decision how much in de-
tail he is willing go in 4D simulation. Possibly next gen-
eration products can provide adjustable level-of-detail —
tailored to user needs in various project meetings.



3.2 Standardization

One of the most potential vendor neutral formats is Indus-
try Foundation Classes (IFCs) (IAI 2007). Building own-
ers and clients have taken active role in BIM develop-
ment; e.g. in year 2005 China adopted IFC2x to official
national standard, next year GSA in the United States
required IFC BIMs in conceptual design and latest BIM
request is coming from Senate Properties in Finland. All
proposals highlight vendor neutral formats. In relation to
earlier Navisworks is overcoming the paradigm by sup-
porting multiple formats.

The first set of IFC was published in 1998 as Release 1.5;
followed by IFC2.0 in 1999. According to 4D, first im-
plementations were made to IFC2.0 for project manage-
ment (Froese and Yu 1999). Results described process
and work plan model for scheduling; although inconsis-
tency was discovered in core elements. Early tests led to
trial implementation (Froese et all. 1999). Seren and Kar-
stila (2001) described how task scheduling information
and associations to building elements are managed in
IFC1.5.1, IFC2.0 and IFC2x. This mapping specification
was used in Visual Product Chronology, VPC (Kdhkonen
and Leinonen 2003). IFC2x2 was released in 2003 and
task planning and 4D have been considered further na-
tionally in Finland (ProIT 2005). Aspect card ProlT-140
describes general descriptions, partial EXPRESS-G sche-
mas and inherited instance diagrams. High level object for
work plan (IfcWorkPlan) may contain number of work
schedules (IfcWorkSchedule). Tasks (IfcTask) are related
to work schedule through IfcRelAssignsTasks, and con-
nected to timing by IfcRelAssignsTasks. Hierarchy be-
tween tasks includes nesting (I/fcRelNests) and dependen-
cies (IfcRelSequence). Target objects of tasks are [fcRe-
[AssignsToProcess instances.

The information that is used in 4D modelling originates
from scheduling and design disciplines. Therefore there
are varied implementation methods for data exchange
between various 4D applications. Most integrative 4D
applications define the linkage information to separate
geometry and schedule files. Certain solutions use merged
file. Efficient product modelling utilization and better
interoperability between applications require that some
uniform 4D standard is agreed. Vendor specific defacto
standards have resistance; current IFC version, IFC2x3,
has more potential. Currently many applications support
IFC in geometries. IFC already includes the capabilities to
exchange 4D data, but detailed structure (model view)
must be agreed before software implementers can start to
utilize IFC standard. According to IFC, Model View
Definition (MVD) defines which subset and how IFC
specification is applied in the data exchange between dif-
ferent applications, according to exchange requirements
(IA12007).

4 NEW APPROACHES ON 4D PRODUCT MODEL-
ING

New research issues have been investigated in a national
4DLive research project targeted to integrating augment
and camera systems to 4D product modelling. Mobile
solutions, such as Augmented Reality (AR) are increasing
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convergence of virtual model and real environment in
model viewer solution. 4DLive project capitalizes multi-
domain knowledge at VIT in building construction, vir-
tual reality and video processing. Figure 2 illustrates
process comprising 1) integrative 4D application, and 2)
building site scenery sub processes.

4D LINKER

XML

)
PRESENTER

Ms Projeci
3D BIM

TNO IFC
LOADER

CAMERA
STUDIO

©2007 VTT - Technical Research Centre of Finland - janne porkka@vit f vir

Figure 2. The 4DLive process outline for putting together live
camera streaming with 4D building models.

Model viewer solution (IFCViewer) is based on Open-
SceneGraph (OpenSceneGraph 2007) and free IFC En-
gine component (Bonsma 2007). Supported formats are
MsProject XML and IFC BIM (IAI 2007). Visual repre-
sentation manages objects by global unification ids
(GUIDs), intending to simulate order of erection instead
of realistic visualization.

4.1 Open communication protocol for application inte-
gration

Universal Plug and Play standard (UPnP) provides possi-
bility for managing communications in a standardized
way. Practically multiple applications can access same
building model and 4D application transmits visualization
commands to /FCViewer. UPnP protocol allows devices
to automatically configure network by XML handshaking.
These applications can 1) provide services to others (an-
nounce presence) and 2) use services from other applica-
tions (control point). UPnP protocol specification was
developed in VBE2 project; visualization service access
methods; including individual and object group controls
for hiding/showing, highlighting and setting transparency
(Hietanen 2006). The advantage of selected approach is
flexible applications integration. Early implementation
experiences are positive. It is adaptable for various pur-
poses, like analyses or simulations. It has also capability
to increase interoperability and provide platform neutral
innovative services.

4.2 Linking building site scenery to product models

Typically product model backgrounds are one-colored or
shaded. The research emphasis has been covering mostly
one-camera systems (Behzadan and Kamat 2005);
4DLive project addresses domain by utilizing multi-
camera system. Technological novelty value creates also
market potential. Recognized challenges include proce-
dural management of angles of view for smooth opera-
tions, and most of the sceneries are created from "virtual
angles" computed from multiple pictures. Feasible use
scenarios might be early design and marketing.



5 DISCUSSION

Adoptation of 4D in companies has proceeded rather
slowly. Recent experiences from pilot projects utilizing
4D in Finland have been positive. Tekla Structures soft-
ware package was utilized in the second phase of a major
shopping centre construction project (Jumbo shopping
centre, Finland, Vantaa) to simulate building skeleton
from steel and concrete. The main contractor in this pro-
ject, Lemcon, reported very promising results on Christ-
mas 2005. Skanska has used Enterprixe’s 4D solution in
many projects. One of these, the Reimarintorni (tower of
Reimar, residential building of 18 floors in Espoo), util-
ized 4D in demanding wall panel assemblies. Project took
lately ‘Finnish construction site of the year 2006 prize.

This paper has reviewed capabilities of 4D applications.
Product modelling was recognized as an emerging tech-
nology. Therefore it is probable that process will be de-
veloped to support new tools and 4D concept that has
great potential in the future. So far, the experiences from
projects Finland have been mainly positive. 4D CAD tools
provide functionalities for multiple disciplines. Some in-
dications for integration, such as intelligent cataloguing
and server based solutions, have already been detected.
Integrative 4D applications provide extensive format
support, optimized visualizations and enhanced algo-
rithms to link geometry and corresponding schedule.
Some of these approaches should be leveraged to future
4D development from these tools.

6 CONCLUSIONS

Development of the 4D applications since their introduc-
tion has evolved towards automated and streamlined solu-
tions. There are high-level challenges that should be
solved to follow-on path towards large-scale use. These
issues are mainly related to the development of method-
ologies, process and user orientation. Current construc-
tion process has deficiencies and 4D solution should pos-
sibly be leveraged better for decision-making support.
The new process, differing greatly from current one,
should be developed from starting point of re-evaluating
ways of working. To some stakeholders enhanced and
adaptable process potentially means long lasting competi-
tive advantage.

Retrospective analysis revealed shortcomings in the
methodology. 4D model creation and manipulation in
many cases lead to buildings not verified against the re-
quirements set by the clients in the beginning. Therefore
it is proposed that integration to other systems is im-
proved. According to simulation outcomes, there is poten-
tial to create new advanced reporting features facilitating
information in multiple Level-of-Detail. These appropri-
ate ways for reporting should be developed in order to
support decision making. Due to relatively slow new ICT
solution adoptation in building and construction industry,
the competitive advantage in software development might
also be a result of user friendliness.

For ensuring the seamless data exchange between sched-
uling and 4D models some uniform standard should be
agreed. Currently wide range of software packages lacks
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interoperability and one of most promising candidates for
open BIM standard is Industry Foundation Classes (IFC).
IFC2x3 can be taken to a technological starting point; to
be further equipped with 4D case definition. This case
definition needs to present the new process taking advan-
tage of the holistic IT infrastructure within construction
process.

It is possible that the 4D applications shall be integrated
with other digitalised services in near future. New ap-
proaches from 4DLive project described open communi-
cation protocol for application integration, and building
site scenery linkage to product modelling. Both ap-
proaches have been disclosed promising and implementa-
tion to e.g. design and marketing might be reality in the
future. It is considered that new dimensions such as com-
bining live video streaming with interactive 4D building
model can result in a communication vehicle that meets
well with the needs of continuously changing project
conditions and relating managerial challenges.
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USING 3D AND 4D MODELS TO IMPROVE JOBSITE COMMUNICATION - VIRTUAL
HUDDLES CASE STUDY
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ABSTRACT: This paper explores the unique challenges and opportunities of communicating design and construction
information at the jobsite and describes the format and content of an information delivery method that we call Virtual
Huddles (VDC-aided morning jobsite meetings).

The research method used is direct participation in a test case (the construction of the concrete structure for a multi-
family housing project) using VDC methods on a daily basis for approximately 4 months to support more than 40 daily
morning meetings with the contractor’s field workers and staff.

From the case observations and a structured interview, we observed that huddles are more effective when the content
focuses on specific work instead of generic training or safety talks. However, it is not effective to deliver a high level of
detail since workers will quickly forget it and come back later for specific dimensions. We also found that, on a daily
basis, 3D models work better than 4D models. Some of the most important impacts of the huddles are a change in the
structure of information distribution that empowers the laborers, a higher engagement of the laborers with the project,
and an improvement in the communication between the contractor’s site management staff and the laborers.

KEYWORDS: VDC (virtual design and construction), jobsite, contractor, communication, case study.

1 INTRODUCTION This type of communication (2D drawings and informal

verbal explanations) plays an important role in some of
Virtual Design and Construction (VDC) methods (such as  the causes of low productivity identified in the literature
3D and 4D modeling) are being used to improve the pro-  (Rojas and Aramvareekul, 2003; Oglesby et al., 1989),
duction, analysis, and management of design and con-  such as experience, activity training, and motivation. This
struction information in many phases and areas of con- can be seen in the rework due to misunderstanding of
struction projects (McKinney and Fischer, 1998; Chau et  design and/or construction information, the low engage-
al., 2004). In this context, design information is the in- ment and motivation of laborers, and the non-productive
formation related to the constructed products (i.e., materi-  time used on looking for tools and materials that should
als, dimensions, locations, material finishing, etc.), and have been at the workface.

construction information is the information related to the  We wanted to study whether the use of VDC methods on
construction processes to build the products (i.e., con-  the jobsite could reduce the communication problems by
struction sequence, equipment, tools, work method, etc.).  gupporting the delivery of accurate, precise, and useful
The communication of this information to the ultimate  work instructions. Therefore, we tested the use of VDC
doers (i.e., laborers) on the jobsite is, however, mainly — methods to support the jobsite communication of design
based on 2D drawings and informal verbal explanations.  and construction information to the laborers. Using VDC
Moreover, the verbal communication usually occurs only — methods on-site presents opportunities and challenges
from the superintendent to the foremen and from the  different from those in other phases of the project. We
foremen to their laborers, limiting the direct communica-  explored those opportunities and challenges by testing a
tion between the superintendent and the laborers. This VDC-aided method (Virtual Huddles) to deliver design
hierarchical communication seems to be due to practical — and construction information on the jobsite.

reasons mainly: it is difficult to effectively communicate  The rest of this paper introduces the test case (section 2),

directly from the superintendent to the laborers in a con-  explains the specific opportunities and challenges of using

struction environment. Low communications skills make  vDC on the jobsite (section 3), describes the Virtual

this direct communication even harder. Makulsawatudom  Hyddles (section 4), describes the impacts we identified

et al. (2004) identify low skills as one important cause of  after running Virtual Huddles during 4 months (section

low productivity. 5), and explains the conclusions we derived from our ob-
servations (section 6).
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2 TEST CASE

The context of the test case is the multifamily housing
industry, from the perspective of a cast-in-place concrete
contractor, using direct hire labor.

The particular project consists of the concrete structure
for three apartment buildings. This structure includes
post-tensioned strip footings, conventional slabs on grade,
walls and columns at the ground level, and post-tensioned
deck for the first level. The rest of the building’s structure
is constructed with wood frames but it is not included in
the test case as it was done by another contractor.

Figure 1 shows the form view of a POP (Product-
Organization-Process) matrix of the test case at the con-
tractor level. This is a simple way to describe the most
relevant components of the product, organization, and
process for the project (Garcia et al., 2003).

POP Model
Product

Organization Process

Form

¥ Building A ¥ Contractor ¥ Build footings

¥ Foundations
= Post-tensioned strip footings
= Conventional strip footings
= Walls
= Columns
= Conventional slab on grade
= Post-tensioned elevated deck
¥ Building B
¥ Foundations
= Post-tensioned strip footings
= Conventional strip footings
= Walls
= Columns
= Conventional slab on grade
= Post-tensioned elevated deck
¥ Building C
¥ Foundations
= Post-tensioned strip footings
= Conventional strip footings
= Walls
= Columns
= Conventional slab on grade
= Post-tensioned elevated slab

= Project Manager

= Superintendent

= Concrete foreman

= Rebar subcontractor
= Ready-mix concrete supplier
= Steel and PT cable supplier
= Equipment rent companies
= Smaller suppliers

= Lay out footings
= Dig footings
= Reinforce footings
= Pour footings
= Stress footings
¥ Build walls
= Lay out walls
= Reinforce walls
= Set wall forms
= Pour walls
= Wreck walls
¥ Build columns
= Lay out columns
= Reinforce columns
= Set column forms
= Pour columns
= Wreck columns
¥ Build slab on grade
= Lay out slab on grade
= Set edge forms
= Grade
= Reinforce slab on grade
= Setfloats

= Pour slab on grade

= Wreck slab on grade
¥ Build elevated slab

= Set deck panels

= Lay out elevated slab

= Set edge forms

= Reinforce elevated slab

= Setfloats

= Pour elevated slab

= Wreck elevated slab

= Stress elevated slab

Figure 1. Partial POP matrix of the test case. The complete ma-
trix includes function and behavior rows but these are not
needed for this test case. The building activities (in the process
column) have a direct correlation with the building components
(in the product column). The actors (in the organization column)
are also consistent with the elements in the other two columns
since they participate in the processes to build the products.

Regarding the VDC methods used in the test case, we
created a 3D model for the entire project that includes the
concrete elements (without rebar, formwork, embeds,
etc.). The organization and level of detail of this model
was tailored to support its manipulation and use for daily
work packages (Figure 2 provides an overview of the
three buildings with a 3D model). We also created several
4D models to analyze different construction sequences.
The IT infrastructure relevant for our work consisted of
wireless internet access, a SMART Board, a projector,
and laptops for the site management staff.
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Building B
Building C

Building A

Figure 2. 3D model of the case study project. Buildings A and B
are a mirror image of each other. Building C is larger but it still
has the same basic building components (as the “product” col-
umn in Figure 1 shows).

3 OPPORTUNITIES AND CHALLENGES OF VDC
USE ON THE JOBSITE

In this case study, we identified several unique opportuni-
ties and challenges in the use of VDC methods on the
jobsite that differ from the use of VDC methods in other
project phases.

3.1 Opportunities

- Proximity to the work: having the work face a few feet
away from the virtual models presents several oppor-
tunities. It makes it easier to compare the 3D/4D mod-
els with the real objects and processes they represent.
The proximity also significantly reduces the latency
between asking a question in the field and the answer
to the question based on an analysis of the models.
The field people greatly appreciated the quick answers
to their questions.

- Admiration and enthusiasm for the new visualization
technologies: the scarce contact that workers have had
with VDC methods makes them willing to interact (at
least passively, see computer illiteracy in the next sub-
section) with 3D/4D models. In some occasions where
the huddles were run without a model, the workers
asked about the models and playfully required to have
them the next time.

- Information starvation: the need for information is
huge during the construction phase. Thus, the possibil-
ity of deriving information that was not originally
available in simple 2D drawings, schedules, or other
information sources, makes VDC methods very attrac-
tive to field personnel.

3.2 Challenges

- Computer illiteracy: laborers, foremen and even su-
perintendents have little knowledge about computer
systems. This made an active use (manipulation and
revision) of 3D/4D models by the field people more
difficult. In the case study, laborers and foremen inter-
acted with the models only by looking at them. On a
few occasions, foremen approached the SMART
Board and pointed to things or drew something on the
board. Their computer illiteracy had two main conse-
quences: reluctance to have a bigger interaction due to
fear of breaking something, and difficulty understand-
ing information conveyed in the models.



- Very dynamic conditions: it is not news that condi-
tions on jobsites are very dynamic. Even though this
dynamic nature also occurs during the design phase,
people experience it differently during construction
since labor is usually not responsible for those
changes but affected by them. This is a big challenge
for the modeler since it is key to keep the 3D/4D
models updated all the time. Otherwise the models
lose credibility and usefulness. The biggest problem
here was not the task to update the models since the
project is relatively simple but the latency in getting
answers through the formal RFI (Request For Infor-
mation) process since the VDC methods were used
only by the concrete contractor and nobody else on the
project.

- Language barriers: this is an important issue in sev-
eral countries around the world since a significant per-
centage of construction workers are immigrants (e.g.,
Mexican workers in the U.S.), who often do not speak
the local language. This, of course, is a big challenge
for understanding the design and construction infor-
mation and contributes to the need for middlemen (see
next point) in the communication as some laborers
will need “translators”. 3D/4D models make the
communication more visual. Several laborers men-
tioned during the interview (see section 5) that some-
times they could not understand some of the superin-
tendent’s words during the huddle but the 3D model
helped them to complement what they did understand.

- Communication middlemen: there are several mid-
dlemen between where the design and construction in-
formation is generated (i.e., architects, engineers, and
construction managers) and the last users of this in-
formation (i.e., laborers). These middlemen are usu-
ally created by organizational structures (e.g., superin-
tendent, foreman) but also by technical barriers (e.g.,
skill barriers create masters, language barriers create
translators).

4 VIRTUAL HUDDLES

Considering the limitations of the traditional communica-
tion of design and construction information, we tested an
information delivery method that we call Virtual Huddles
to address the main challenges and take advantage of the
opportunities of using VDC methods on the jobsite.

A Virtual Huddle is a VDC-aided meeting that supports
the daily job-site communication. The purpose of this
meeting is to explain to the laborers the work to be done
during the day and to address the corresponding logistics
and safety issues. Therefore, the meeting is done before
the work starts every morning. The meeting must be at-
tended not only by the foreman and superintendent but by
all the workers (including laborers). This eliminates mid-
dlemen in the communication between superintendent and
laborers (e.g., foremen). The use of 3D/4D models also
reduces the need for translators.

The standard agenda of a virtual huddle starts with the
review of the weather for the current day and the next
days. After that the superintendent explains the activities
to be done that day using 3D/4D models to support the
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explanations. This is an interactive process so the laborers
ask questions and provide information while the superin-
tendent explains.

4.1 Preparing the huddle

The preparation of the huddle starts with the daily sched-
ule. Each evening the superintendent plans the work to be
done the next day based on a weekly plan, the current
situation of the project, and other factors such as weather,
the general contractor’s instructions, and resource and
equipment availability.

After preparing the schedule, the superintendent or the
project manager edits the 3D/4D models to support the
explanation of the activities in the daily schedule. For 3D
models, the superintendent/project manager should:

- Identify the 3D elements that are related with the ac-
tivities of the next day’s schedule.

- Turn off layers of elements that have not been built
yet.

- Color code the elements as follows:

e Red: 3D elements where top priority work needs to
be done.

e Yellow: 3D elements where lower priority work
needs to be done.

- Draw any additional element in the model that could
be useful to explain the work to the laborers (e.g., di-
mension lines, text, arrows, circles).

- Select views that facilitate explanation of the work.

- Turn off layers that obscure the view of the work area.

Some of these tasks are done “on the fly” during the Vir-
tual Huddle (e.g., turning certain layers off and on) but
the superintendent has to think about it before the huddle
so s’he does not waste time in the meeting.

When using 4D models, the superintendent/project man-
ager should evaluate whether it is necessary to use a 4D
model to support his/her explanations. When necessary, a
new 4D model has to be created. However, we realized
during this test case that, in most situations, 4D models
were not needed. The superintendent and the modeler
(lead author) found it easier to use the 3D model as a
pseudo 4D model by turning 3D elements on and off as
needed since this gave more flexibility to show the status
of the project and to manipulate the model during the
huddle. 4D models were usually used for overall schedule
discussions. Moreover, usually a 4D animation (e.g., a
video file such as an AVI) worked better to deliver an
idea than using the actual 4D model which allows the
interaction with the model.

4.2 Running the huddle

The huddle usually lasted between 15 and 30 minutes.
The number of attendees was around 20 persons. The
physical set-up of the meeting was in a construction
trailer with a projector and a SMART Board. Figure 3
depicts the schematic layout of the meeting space.

It is relevant to note that in a few cases we ran huddles
with no 3D/4D models and we only projected the activi-
ties to be performed that day and, in some cases, 2D
drawings. This happened when the lead author could not
be present in the project to manage the models.



Projector Laptop SmartBoard
\ /
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Office 1 Virtual Huddle Office 2
Construction trailer ___/

Figure 3. Layout of the meeting space. All the drawings were in
the space where we ran the huddles so that we could use draw-
ings to show information that was not in the 3D model (e.g.,
other contractors’ work scope).

In general, 3D models were used in the huddle for three
main purposes:

- Show specific locations in the project. This was very
useful for two reasons: (1) language barriers some-
times made the understanding of specific terms diffi-
cult, and (2) many laborers do not read drawings and
do not understand when the superintendent makes ref-
erence to certain areas of the project (e.g., specific
column lines).

Explain details of design information such as the way
a wall and a column meet at a particular location or
the complicated thickened areas of a post-tensioned
slab.

Explain a construction method. Usually, in these cases
the superintendent needed to draw on top of the model
to elaborate on the explanation.

4D models were used to explain the construction schedule
to the laborers as a way to keep them engaged in the pro-
ject.

5 IMPACT OF VIRTUAL HUDDLES

5.1 Direct observation

During the test case, we observed the behavior of the
workers in the huddles and their attitude towards the VDC
methods. We summarize our observations in the follow-
ing points.

- Distance to technology: even though the workers were
enthusiastic about the technology, they were always
passive users and preferred to keep their distance.
Bypassing of middlemen: several workers asked for
information directly from the lead author (who was
managing the 3D/4D models) bypassing the foreman
and/or superintendent which would be the normal
path. This was in part because of the easy access to the
models through the modeler and part because the
modeler spoke Spanish.

- Appreciation of 3D models: all workers liked the 3D
models since they could easily get dimensions that
were usually not in the drawings from them.
Indifference towards 4D models: workers were more
indifferent regarding the 4D models. They liked the
animation of the schedule but they did not feel they
were getting information that was very useful for
them. As expected, management staff had a better
evaluation of 4D models.
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5.2 Interview

After more than 40 Virtual Huddles were run in the test
project, we conducted a short interview of the staff and
laborers in four groups: Project manager, Superintendent,
Foremen and Laborers. The purpose of this interview was
to measure the effectiveness of the huddles and the value
of 3D/4D models for the huddles as perceived by the dif-
ferent actors of the project.

We asked the interviewees to answer the questions within
a Likert scale of 5 points with 1 being the most negative
appreciation, 3 a neutral one, and 5 the most positive one.
The questions covered the following issues:

- Virtual Huddle’s impact on the normal work
Impact of 3D/4D model use on the Virtual Huddles
Accuracy of the instructions (design and construction
information) delivered in the huddle
Precision of the instructions delivered in the huddle
Usefulness of the instructions delivered in the huddle

Figure 4 summarizes the data captured in the test case for
those five questions.

Assessment of Virtual Huddles' impact

\
\
\
.

@ Laborers

B Foremen

O Superintendent
PM

Instructions'
accuracy

Insfructions’
precision

Instructions'
Usefulness

VH's impact on
normal work

Impact of 3D/4D
models on VH

Figure 4. Assessment of the Virtual Huddles’ impact. This graph
shows a very positive perception of the virtual huddles and spe-
cifically the use of 3D and 4D models. The interviewees corre-
spond to 100% of the subcontractor’s people involved in the
project (two crews of twelve and three laborers, two foremen,
one superintendent, and one project manager).

As Figure 4 shows the general evaluation of the huddles
was consistently positive for all the workers in the pro-
ject. The graph also shows a neutral evaluation of the
value of 3D/4D models for the huddles by the superinten-
dent, which he confirmed with his comment: “3D models
are good but you do not need to have them.” However,
the laborers evaluated the 3D/4D models as very benefi-
cial for the huddles. This discrepancy is explained by the
fact that the laborers benefit directly from the models by
identifying locations and better understanding the super-
intendent’s explanations while the superintendent benefits
indirectly through the laborers’ understanding which is
not easy for him to evaluate on a daily basis.

The results also show a bias of the superintendent in the
evaluation of the accuracy, precision, and usefulness of
the instructions delivered in the huddles since he was the
person that delivered the instructions. However, this bias
does not contradict the general evaluation of the other
actors who also have a positive evaluation.



6 CONCLUSIONS

- VDC engineer onsite: It is key to have someone on
site that is able to create and revise 3D/4D models.
The conditions on site are so dynamic that keeping a
VDC engineer in the main office updated with what is
happening on site would add a lot of extra work to the
field management personnel. Moreover, by the time
the VDC engineer would have updated the models the
situation would likely be different again.
Stakeholders’ involvement: To fully take advantage of
the opportunities of using VDC onsite, all the stake-
holders (e.g., general contractor, architect, engineers,
other contractors) of the project must be involved. The
dynamic conditions of the project were particularly
critical because the case study contractor was the only
one using VDC methods on the project. Therefore, in
many occasions we were waiting for answers from
others who worked without 3D/4D models.

Change of information distribution: The huddles pro-
vided an opportunity for the superintendent to talk di-
rectly to the laborers and vice versa. This type of
communication is not very typical since, as we de-
scribed before, usually the communication goes
through the foremen who act as middlemen in the
communication flow. This instance of direct commu-
nication empowered the laborers who felt they could
have direct access to the superintendent.

Labor engagement and motivation: The huddles
proved to be a very useful engagement and motivation
tool. Laborers were eager to know more about the pro-
ject even about the scope and work of other disci-
plines. This motivation gain is aligned with the theory
of motivation by job enrichment and hygiene factors
(Herzberg, 1968; Khan, 1993)

Better superintendent-labor communication: The
change in the information distribution described above
also contributed to improving the understanding of the
instructions delivered by the superintendent and re-
duced the latency on finding out about issues such as
lack of tools and materials and other information.
Multi-skilled labor: Virtual Huddles present a great
opportunity to implement a multi-skilled labor force
since it allows for task-specific training. In our test
case, plumbers and concrete crews collaborated on
each others’ tasks as both contractor companies be-
longed to the same owner. This opportunity was very
valuable since, as Burleson et al. (1998) state, a sin-
gle-skilled workforce strategy is “not necessarily re-
sponsive to construction sequence or the optimal use
of worker skills.”
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This case study shows the value of the Virtual Huddles
and some of their challenges. Currently, we are imple-
menting Virtual Huddles in several other projects and
exploring the challenges of escalating this effort company
wide. Some of the next steps we have identified are:

- Standardization of the short-term planning on site

based on a company-agreed generic WBS: the benefit
of using a generic WBS is that it defines a common
language for the planning across the different projects
of a company. It also simplifies the planning effort for
superintendents since they may select tasks from sets
of predefined options and then customize them.
Training of superintendents for the manipulation of
3D/4D models: this will increase the superintendents’
appreciation of these methods (see Figure 4) and will
allow them to run the huddles completely by them-
selves.
Definition of incentives to use this information deliv-
ery method: as any new method it requires an initial
effort and learning that has to be supported by appro-
priate incentives.
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ABSTRACT: Some urban management tasks such as disaster management, delivery of goods and services, and city-
scape visualisation are managed by using a GIS as the current state-of-art, as the tasks in these processes require high
level and volume of integrated geospatial information. Several of these tasks such as fire response management also
require detailed geometrical and semantic information about buildings in the form of geospatial information. This pa-
per presents research focused on investigating whether the process of fire response management can be facilitated
through the implementation of an IFC model in the geospatial environment. In the first phase of the research, a use
case scenario is developed in order to investigate the possible use of IFC models in a fire response management proc-
ess. In the next phase, software components are developed to transfer the required level of form and semantic informa-
tion from the IFC model to the geospatial environment. The developed software components are then verified through
unit and component testing and validated through system testing and semi-structured interviews. The paper first sum-
marises the background on Building Information Modelling and the role of GIS in fire response management. The de-
velopment of the use case scenario and the software components are then explained before finally summarising the
validation and verification efforts.

KEYWORDS: IFC, fire response, BIM, GIS, geospatial.

1 INTRODUCTION while a high volume of geometrical and semantic infor-
mation about buildings needs to be transferred and repre-

Building Information Models (BIMs) and Model Based sented in the geospatial environment in order to success-

Engineering have become an active research area in  fully manage the overall process.

Computer Integrated Construction over the last 10-20  yntil recently the transfer of semantic information and

years. From an industrial perspective, the rise of the trend  gpatjal relationships from building models into the geo-

towards BIMs and model based engineering is due to the  gpatial environment could not be accomplished. This was
inadequate interoperability in the industry. Gallaher ez al.  mainly due to two reasons:

(2004) indicated that US$15.8B is lost annually in the U.S 1. The inability of standard CAD models to store seman-

Capital Facilities Industry due to the lack of interoperabil- tic information and spatial relationships due to their
ity. Today, BIMs are seen as the main facilitators of inte- lack of object oriented data structures.

gration, interoperability, collaboration and process auto- 2 Geospatial information models handled and treated the
mation. A BIM is a digital representation of physical and data in a different manner than BIMs along with being
functional characteristics of a building which serves as a insufficient in representing the detailed 3D geometry
shared knowledge resource for information about a build- of building elements and 3D spatial relationships.

ing, forming a reliable basis for decisions during its whole
lifecycle, i.e. from inception onwards (NBIMS, 2006).
Over the last decade the Industry Foundation Classes
(IFC), developed by International Alliance of Interopera-
bility/buildingSMART, has matured as a standard BIM in
supporting and facilitating interoperability across the
various phases of the construction life cycle.

Both these factors made it difficult to transfer information
from building models to a geospatial environment and to
represent buildings within geospatial information models.
This in turn prevented a complete automation of the fire
response management process, where detailed geometric
and semantic information about buildings is required to

o ) ~ be held in the geospatial environment for the management
On the other hand, geospatial information and Geographic  f indoor navigation operation.

Information Systems (GISs) are used in various fields
related to urban built environment, ranging from three
dimensional cityscape visualisations to emergency re-
sponse management. Today, fire response management
process is commonly managed through the use of a GIS,

Today, BIMs (i.e. IFC as a maturing standard) are capable
of containing geometrical and semantic information about
the building elements in an object oriented data structure,
where semantic information and spatial relationships can
be derived. Furthermore, geospatial information models
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are developing in a way that they can support 3D geomet-
rical representation of building elements and representa-
tion of 3D spatial relationships between them.

In light of such new technological developments in both
domains, the overall research investigated ways and
methods for overcoming the technical barriers that have
prevented a complete automation of the fire response
management process.

2 BACKGROUND

2.1 Information modelling in the construction industry

The traditional fragmented nature of the construction
(AEC) industry causes diversity of the software in use,
which in turn prevents effective information exchange
between all parties. BIMs emerged in order to facilitate
the effective management of construction information
through the project lifecycle, by overcoming the barriers
that prevent effective exchange and sharing of informa-
tion.

Information models in the construction industry are usu-
ally developed by adopting ISO 10303 (Standard for Ex-
change of Product Data - STEP) technologies, e.g. EX-
PRESS, etc. Important efforts in this area include COM-
BINE, STEP Part 225, BCCM RATAS, EDM, SME and
CIMSteel /CIS2 and IFC (Eastman, 1999; Zamanian and
Pittman, 1999).

In 1994, 12 U.S. based companies joined together to ex-
amine the potential for interoperability in the AEC area.
This first effort was based on the ARX development sys-
tem for AutoCAD Release 13. Following this first effort,
the organisations realised that there was economic benefit
to be gained from such interoperability of software. As a
result the participants decided to develop a vendor neutral
standard for software interoperability. In October 1995,
they established the Industry Alliance for Interoperability
(IAI). The first version of the IAI’s vendor neutral stan-
dard (IFC) was released in 1997. In 2005, IFC became an
ISO Publicly Available Specification (16739).

The Industry Foundation Classes (IFC) is a collection of
entities that together form a BIM. The IFC entities are
defined by using ISO 10303 EXPRESS conceptual mod-
elling language. The IFC objects allow AEC/FM profes-
sionals to share a project model and allow each profession
to define its own view of the objects contained in that
model. The BIMs (and IFC) aim to improve the efficiency
in design, construction, and facilities management proc-
esses. Recent works on implementing and using BIMs
and IFC include Spearpoint (2003), Maher et al. (2003),
Kéahkonen and Leinonen (2003), Yabuki and Shitani
(2003), Lee et al. (2003), Underwood and Watson (2003),
Kiviniemi et al. (2005), Grilo et al. (2005), Nour and
Beucke (2005), Petrinja et al. (2005), Karavan et al.
(2005), Caldas et al. (2005), Chen et al. (2005), Maher et
al. (2005), Tanyer and Aouad (2005).

98

2.2 The role of geospatial information in fire response
management process

Geospatial information is being used in many domains.
Various elements of the urban fabric are already being
represented within geospatial models. Furthermore, GISs
are common systems that are used in urban planning and
management activities. As Zeiler (1999) indicated, GIS
and geospatial information are used in cadastre and land
use planning, urban growth planning, planning and man-
agement of utility systems (electric, gas, water), demoli-
tion planning, emergency response planning and man-
agement, navigation and routing, delivery of goods and
services, conservation and renovation projects, and in
pollution management.

Local governments and fire departments use geospatial
information and GISs to prevent fire and to manage
emergency response operations in rural and urban areas.
The literature in the area is extensive and some examples
from the literature include Duburguet and Brenner (1997),
Wang et al. (2005), Keating (2003), Schroeder (2000),
Kwan and Lee (2005) who explained the use of geospatial
information (and GIS) in Fire Response Management. On
the other hand several studies (Beilin, 2000 and Brenner
et al. 2001) demonstrated the use of geospatial informa-
tion for assessing fire risk and for emergency response
planning. Zlatanova (2007) provided a list of her publica-
tions related to the use of 3D geospatial information in
emergency response management.

2.3 Research methodology

The aim of the study presented was to assess the applica-
bility of an implementation of an industry standard BIM
(IFC) in geospatial context, in order to investigate if the
fire response management process can benefit from such
an implementation. In order to build up the background
theory, the first two phases of the research included litera-
ture reviews on Building Information Modelling and on
the role of geospatial information in the fire response
management process. The next phase included a technol-
ogy review in order to gain further understanding of
Building Information Modelling and the technologies
related to storage and exchange of geospatial information.
In the next phases of the research, a prototype system that
transfers information from IFCs to geospatial environ-
ment was proposed, implemented and validated in three
stages:

1. A use case scenario on fire response management was
developed through semi-structured interviews in order
to determine the level and amount of information to be
transferred from the IFC model to the geospatial envi-
ronment.

2.A prototype which would transfer the information
from IFC to the geospatial environment was proposed
and implemented as a set of software components.

3.The prototype software was verified and validated ac-
cording to ISO 9126 through system testing and semi-
structured interviews.

The following sections will explain the development of
the use case scenario, the design and implementation of
the software components, and verification/validation ef-
forts.



3 DEVELOPMENT OF THE USE CASE SCENARIO

3.1 Introduction

A use case scenario describes the system’s behaviour un-
der various conditions as the system responds to a request
from its stakeholders. The use case scenarios are usually
defined in the form of casual and fully dressed versions,
as explained in Cockburn (2001). The casual version of
the scenario explains the process in an informal story-like
style. The fully dressed versions of the scenarios are de-
fined as a part of the functional analysis by the refinement
of the casual versions. The fully dressed version of the
scenario explains the process through a step by step ap-
proach in a formal way. The data needs and the structure
of the proposed system are determined by the help of use
case scenarios.

Following a literature and technology review in the field,
a group interview was organised in the Greater Munici-
pality of Istanbul in order to develop a use case scenario
and establish a framework for the proposed solution. The
group were composed of assistant directors from the De-
partment of Surveying and Cadastre (of Greater Munici-
pality of Istanbul), civil and surveying engineers from the
Greater Municipality of Istanbul, experts from NETCAD
(a commonly known Turkish GIS developer) and academ-
ics from Istanbul Technical University Centre for Disaster
Rescue (which works jointly with Istanbul Fire Brigade
and Istanbul Hospitals, for emergency response manage-
ment research and training). The following sections will
present the use case scenario development process and the
scenario itself.

3.2 Use case scenario development process

The process was initiated with a group interview. In the
beginning of the interview the participants from Istanbul
Technical University (ITU) Centre for Disaster Rescue
explained the data requirements for a successful fire re-
sponse management operation. These general require-
ments can be summarised as the following:

1. The first type of information required for the operation
is regarding roads in order to manage the routing of
fire brigade vehicles and ambulances during the op-
eration.

2.0ther information required about roads includes the
type of roads (i.e. asphalt or gravel), slope of the
roads, and the seasonal condition of the roads (e.g. a
road can be muddy after a heavy rain).

3.In the operation, the location of fire brigade stations
and hospitals are also required to be known.

4.The types and capabilities of fire brigade vehicles (i.e.
the maximum height of stairs in the vehicles) in a fire
brigade station need to be known in order to select an
appropriate fire station and fire brigade vehicle for the
operation.

5.The demographic and traffic information about an
area where the operation will be carried out need to be
known, i.e. traffic may prevent the fire brigade vehi-
cles reaching the site in the estimated time if the area
is highly populated.

6.The information about surrounding buildings also
need to be known in order to manage the access to the
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building from surrounding buildings (if needed) and to
prevent the spreading of fire to them.

7.The usage type of the building (e.g. hospital, school)
also needs to be known.

8.The location of fire sensors and fire alarms inside the
building need to be known.

9.If any electronic control system is installed in the
building (e.g. a system to close some doors when a
fire occurs) then the information about such a system
should be in the database of the disaster rescue centre.

10. The location of emergency exits in the building need
to be known.

11. The electrical installations and pipelines surrounding
the building also need to be known.

12. The location of the fire hydrants nearby the building
need to be known.

13. The material of building elements (i.e. walls, doors,
windows, etc.) need to be known.

14. The opening directions of doors and windows need
to be known to assist the fire brigade staff.

During the interview the participants mentioned that these
data requirements are only a small portion of the real life
data needs, and a real life situation would require more
data from other different resources. In the meeting, the
participants were informed about the data richness of
BIMs in that they contain information about materials of
elements, and functions of elements such as the opening
direction of doors and windows. Based on this the partici-
pants then pointed out that the data rich structure of the
BIMs would provide specific advantages in facilitating
the fire response management process. The BIM to be
used was selected as the IFC as it is the mainstream stan-
dard for building information modelling.

A use case scenario was developed with the research
group in the next stage of the study. As a first step in or-
der to keep the scenario simple, a subset of data needs
was selected from the above mentioned data needs. The
participants agreed that the data requirements for the sce-
nario would be in regard to the:

- Location of the fire brigade stations
Road network between the building and the fire bri-
gade stations
3D geometrical model of the building
Opening directions of doors and windows
Material of building elements

In the next stage, the scenario for fire response manage-
ment operation was developed. The causal version of the
scenario is presented in the next section. The fully-
dressed version, which is not presented in this paper as it
does not comply with the level of detail presented here, is
presented in Isikdag (2006).

3.3 Use case scenario for the fire response operation

The Centre for Disaster Rescue of Greater Municipality
of Istanbul is responsible for managing fire response op-
erations in the city. According to the scenario, a fire oc-
curs at the Institute of Science and Technology building
of Istanbul Technical University. A witness informs the
Centre for Disaster Rescue about the fire. An operation
team is formed immediately in the centre. A member of
the team determines an appropriate fire brigade station
(which has suitable vehicles), calls the station and informs



the station about the fire. At the same time the response
team begin to use their GIS based fire response manage-
ment system. In the first stage of the operation, a shortest
route analysis is carried out to find the shortest route from
the appropriate station to the Institute (where the fire oc-
curs). In the next stage, the operation team uses the in-
formation about the shortest route to direct the fire bri-
gade vehicles to the building. At a later stage when the
fire brigades arrive at the building, the operation centre
directs the fire brigade personnel inside the building by
informing them about the opening directions of the doors
and the materials of building elements. According to the
scenario, the Centre for Disaster Rescue has access to the
BIM of the building (in form of an IFC model).

In technical terms, according to the scenario:

1.The operation team, in the first stage, uses a system
(of software components) to extract the required in-
formation (3D model of the building that contains
opening directions of doors and windows, and mate-
rial of walls) from the IFC model and transfer it into
the geospatial environment.

2.The operation team then uses their readily available
GIS based response management system to merge the
background data (i.e. locations of fire brigade stations,
road network) with the geospatial representation of the
BIM, to manage the operation without loosing both
time and the necessary information as a result of
switching between various applications and data mod-
els.

Three use cases are derived from the use case scenario in
the next stage. Figure 1 outlines these use cases.

(;3
\
AN

/

Team Member

Route the fire
brigade vehicles
to the building

Transfer the BIM
into the geospatial
environment

TR

_,-"': \
Team Manager

Figure 1. Use Cases Diagram for the fire response operation.
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4 THE DESIGN OF THE PROTOTYPE SOFTWARE

The prototype software for transferring the information
from the BIM (IFC) into the geospatial environment is
developed in light of the use case scenario explained in
the previous section. As mentioned in the use case sce-
nario, the software components are developed in order to
extract a 3D model of a building from the IFC model and
to transfer it into the geospatial environment. The result-
ing 3D geospatial model would contain opening direc-
tions of doors and windows and material of walls along
with their 3D geometrical representation. The prototype
software components are developed in three layers,
namely human-computer interaction (HCI Layer), prob-
lem domain (PD Layer) and data layer (Figure 2).

The data layer of the system consisted of a model server
database (namely EDM) where IFC models were stored
and a spatial database (ESRI GeoDatabase) where the
resulting geospatial data model was stored. The problem
domain layer of the system consisted of two internal and
two external software components. The external software
components were APIs, i.e. the model server API, which
was used to query the IFC model in the model server and
retrieve the required information from the IFC model and
the Spatial Database API, which was used to create the
geospatial model.

The internal software components were the input process-
ing and the output creation packages. These packages
were developed as COM+ components. The input proc-
essing package was used to convert different geometrical
representations of building elements (CSG/Sweeping) to
Boundary Representation (BRep), which is a common
geometrical representation form for geospatial models.
The input processing package was also used to derive
spatial relationships and semantic information from the
IFC model. The information obtained from the IFC model
was held transiently in the objects of the input processing
package. In the next stage, the output creation package
used this transient information to create persistent geospa-
tial objects inside a spatial database. The persistent geo-
spatial objects were created with the help of the ESRI
GeoDatabase API - an API developed to interact with the
ESRI Spatial Database. The geospatial objects are stored
within a data model based on ESRI Multipatch object
model. Figure 2 depicts the physical design of the proto-
type software.

As shown in Figure 2, the system is designed in form of
separate components in order to provide flexibility for
further extensions. For example, when a need to create the
output in another geospatial model arises (i.e. in form of
CityGML) the development of a new output creation
package will be sufficient rather than having to redevelop
the whole system. The HCI layer of the system is con-
sisted of a single windows user form. The form had com-
mand groups that are used to query the IFC model and get
information about the building elements, before transfer-
ring them to the geospatial environment. It also contained
several other commands which are used to transfer the
transient information from the input processing packages’
objects to geospatial objects and persist them in the spa-
tial database.
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Figure 2. Physical Design of the prototype software.

5 VALIDATION AND VERIFICATION OF THE PRO-
TOTYPE SOFTWARE

Following the development of the prototype software
components, they were verified through unit, component
and system tests. Unit tests were conducted to test the
individual classes of the input processing and output crea-
tion packages, while the component tests were used to test
the components as a whole. System tests were used to test
the components and the interactions between them.

Figure 3 and Figure 4 present a result from the system
testing phase of transferring a 3D building model from the
IFC model into the geospatial environment. In the first
figure, an IFC model of a 3 storey building is seen in a

it (S

Figure 4. A three storey building transferred from an IFC model,
shown inside a GIS.

The test cases were based on the use cases defined earlier
(Figurel). It should be noted that the test cases are differ-
ent from use cases as they explain a process in a higher
level of detail and focus on interactions more closely. The
test cases mimic the real flow of events with real users
and real data, and the results of interactions are measur-
able in terms of success/failure. Kaner (2003) provided
extensive information on scenario based system testing by
using test cases. The test cases were completed by par-
ticipants from NETCAD, Greater Municipality of Istanbul
and academics from Istanbul Technical University Centre
for Disaster Rescue. All test cases were completed suc-
cessfully. The test model was the BIM of an Institute of
Science and Technology building of ITU which was in
IFC format. Table 1 provides the details of the test-cases
completed during the scenario-based testing process.

Table 1. Test-cases completed during scenario based testing.

Test
CAD application then in the next figure the transferred Case | Event Deseription Process Result
model is seen inside a GIS. | Route thefire brigade
vehicles to the building
1 chalet - ArchiCAD 9 - [chalet 30 / Al CEX Irport the road data to the Trnport the road data (showing the roads around Maslak,
[} Fle Edt Tods Options Imege Cakubts Display Window Extras el JSEIE] A1 EMErgency response Levent, Sariger) to ArcGIS environmert Buccess
0 & SG-®| o a4 - O - 7| 8- d @ - B - & - management system i i
’TS"T}: {mp‘zrt th: f‘{; station Import the fire brigade station locations to ArcGI3
A2 CCALOS To the eMErZEncy | enyironment (showing the fire brigade station locations Success
. response management around Maslak, Levent, Sariyer)
sl Bze system > .
S o A3 Locate the appropriate Query the fire stations by their ID and find the location 5
~ station in the system of appropriate fire station in the systern by its given ID uceess
Find the shortest route
E=HiE EoNilL Al form the appropriate fire Find the shortest route between these two locations by Success
brigade station to the using the network editing tools in ArcGIS
Institute
Transfer the BIM into
[Navigator _____~ x] .
i ® B the geospatial
Project wap View etz | environment
w2mpod | ¥ Run the prototype system
O el Run the system and make Import IFC and Aspect Model* schemas
= o B-1 the database related TImport the physical file into EDM database Buccess
Y operations Populate the Aspect Model entities by mapping from
IFC model classes to Aspect Model classes
Populate the Input lgopulie Ini\.;\th;o;::ssmg Unit Object Model classes
B2 Processing Unit Object. rom Aspe o0 Success
A Modsl *: The Aspect Model is a middle-tier information model
ose stored inthe BIM database
Create the 3D building .
= Jie @ad @ - Create the 3D building elements with required attributes
] ] R e Py - W W= B3| clemenls as persistent in form of an ESEI GeoDatabase Buccess
et ST cospatial objects
Direct the fire brigade
Figure 3. IFC model of a three storey building shown in a CAD € | persomel imsidethe
. . uildin,
appllcatlon. Trport the building model into the ArcGIS based system
oo Import the building plan from an ESRT GeoDatabase. Opening directions of Sucoess
B fromthe database doors and windows and material of building elements
are represented as attributes of related features
o : _ Direct the fire brigade By giving them directions of the fire and by indicating
In the next phase the SyStem was Vahdated by uSIHg SCe C-2 personnel insida the the opening direction of doors and windows and the Success
nario-based testing (with test cases) and later evaluated in building materials of walls, when required

light of ISO 9126-1 (first part of the standard for Software
Engineering Product Quality) by semi-structured inter-
views.
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The system evaluation by semi-structured interviews was
undertaken after the scenario-based testing process. Par-
ticipants from NETCAD, Greater Municipality of Istanbul
and academics from Istanbul Technical University Centre
for Disaster Rescue joined the semi-structured interviews.
The questions in the interviews were regarding the system
quality in order to evaluate the functionality, usability,
efficiency and portability of the system. During the inter-
views every participant was given a chance to inspect the
source code of the system as some questions were related
to the coding itself. All participants were interviewed on a
one-to-one basis in light of a set of questions. During the
interviews the participants mentioned that the developed
components can successfully create 3D representations of
columns, beams, slabs, windows, doors and walls in the
form of 2D and 3D geospatial objects. Object attributes
(e.g. material of elements) and spatial relationships were
also present in the geospatial object model.

Several problems that affected the system quality were
identified during the component and systems tests as:

- Time behaviour of the output creation package was
poor.
The 3D building elements were not located in actual
orientation of the building.
The spatial relationships in the IFC model were not
represented in form of topological relationships in the
geospatial model.
The objects represented with BRep method in the IFC
model were not processed and transferred into geospa-
tial objects.

The evaluation results showed that the time behaviour of
the output creation package is not satisfactory. The results
of the performance tests (carried out during the system
tests) mainly indicated that this is due to time spent on
creating the geospatial objects. The reason behind it was
the complex structure of the ESRI Multipatch object type
which was used in the implementation.

Another result from the evaluation indicated that the re-
sultant building elements were not located within the ac-
tual orientation of the building. Geo-locating the output
with the right orientation is an important aspect of the
implementation. Further research could accomplish this in
several ways:

- By using the information (attributes) obtained from
the IFC model: The transformation can be achieved by
obtaining the latitude and longitude of the building
from IfcSite object and getting the rotation as True
North from IfcGeometricRepresentationContext ob-
ject.

- By using a geospatial object as a template: In this
method, the coordinates of three points of the template
geospatial object need to be known for the transforma-
tion operation.

The evaluation results indicated that the spatial relation-
ships of the IFC model were not represented in the form
of topological relationships in the geospatial model. This
was mainly caused from the limitations of the geospatial
model used in the implementation. Although 3D topo-
logical models exist to a certain extent, they are only im-
plemented in specific databases for research purposes and
are still not integrated into state of art GISs. Further re-
search and developments on 3D topological modelling
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and their implementation in GISs will contribute to the
efforts towards better representation of building elements
in geospatial environment.

Another criticism about the prototype was that the IFC
objects whose geometry is defined by the BRep method
were not processed and transferred into geospatial ob-
jects. This appeared mainly because of the design deci-
sion that was taken in order to solve the problems in the
transformation from CSG and Sweeping Representations
to Boundary Representation (BRep). The transformation
of the IFC objects whose geometry is defined by the
BRep method to the BRep models of geospatial environ-
ment might cause such problems as:

- The resultant geospatial model would require a high
amount of storage space in order to store building
elements that have detailed geometries. In such situa-
tion the resultant model needs to be compressed or
simplified using the geometric model simplification
techniques.

On the other hand, the system’s performance would
become worse during this transformation process as it
would have to process more complex geometries.

6 SUMMARY AND CONCLUSION

Fire response operations are commonly managed by using
a GIS as the current state-of-art, and require high level
and volume of integrated geospatial information together
with detailed geometric and semantic information about
buildings. However, building information has not been
transferred into and represented in geospatial environment
due to the lack of semantic information in early building
models and due to incompatibilities between the data
models in the two different domains. This situation
mainly prevented the management of indoor navigation
process in a fire response management operation.

In contrast, when the building information is made avail-
able in the geospatial environment, the emergency re-
sponse management team will have the ability to use their
readily available GIS based response system to manage
the outdoor and indoor operation seamlessly, without
loosing time and necessary information through switching
between various applications and data models. In order to
realise this, the study investigated the applicability of
BIMs (IFC in particular) in the geospatial environment.

Following a literature and technology review on Building
Information Modelling and geospatial information, a use
case scenario was developed in order to determine details
of the process. The scenario also acted as a framework for
the implementation. In the next stage, a prototype to
transfer information from IFC to the geospatial environ-
ment was proposed and implemented as a set of software
components. Finally, the prototype was verified by unit
and component tests and was validated according to ISO
9126-by system testing and semi-structured interviews.

Two types of mismatches occur between IFC models and
geospatial environment as form and semantic mismatches.
In order to prevent these mismatches, the transfer of in-
formation from IFC to geospatial environment should
address two specific issues, i) the transfer of geometric
information and ii) the transfer of semantic information.



The geometric information is about the geometry of the
building elements and spatial relationships. The geometry
in IFC models is represented with CSG, Sweeping and
BRep methods. On the other hand, in (vector) geospatial
models the geometry is usually represented by BRep
method, thus in most cases the transformation from CSG
and Sweeping representations to BRep appears as a need
to represent the building geometry correctly in the geo-
spatial environment.

The spatial relationships in the IFC model can either be
transformed to topological relationships of a 3D topologi-
cal geospatial model or these relationships can be pre-
served within database tables using a custom geospatial
model based on 2 and 2.5D geospatial objects.

The semantic information is about the object types and
their functions and functional constraints. Semantic in-
formation in IFC can be represented by creating similar
object types in the geospatial object model (i.e. CityGML
model is a good example on that) and the functions of the
BIM objects (i.e. building elements) will be represented
in object attributes of the geospatial model. On the other
hand, the functional constraints can be represented by
object attributes or by topological rules (if a topological
model is used in geospatial representation).

In the next stage of this research, the focus will be on in-
vestigating if the proposed implementation will facilitate
the process of fire response management.
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AN OCTREE-BASED IMPLEMENTATION OF DIRECTIONAL OPERATORS IN A 3D
SPATIAL QUERY LANGUAGE FOR BUILDING INFORMATION MODELS
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ABSTRACT: In a current research project, our group is developing a 3D Spatial Query Language that enables the spa-
tial analysis of Building Information Models and the extraction of partial models that fulfil certain spatial constraints.
Among other features, the spatial language includes directional operators, i.e. operators that reflect the directional
relationships between 3D spatial objects, such as northOf, southOf, eastOf, westOf, above and below. The paper pre-
sents in-depth definitions of the semantics of these operators by means of point set theory. It further gives an overview
on the possible implementation of directional operators using a new space-partitioning data structure called slot-tree,
which is derived from the objects’ octree representation. The slot-tree allows for the application of recursive algorithms
that successively increase the discrete resolution of the spatial objects employed and thereby offer the possibility for a
trade-off between computational effort and required accuracy.

KEYWORDS: spatial query language, building information modelling, direction, octree.

1 INTRODUCTION

The current project develops a 3D Spatial Query Lan-
guage that allows for the spatial analysis of Building In-
formation Models (BIMs) and for the extraction of partial
models that fulfil certain spatial constraints. In existing
query languages for BIMs, such as the Product Model
Query Language of the EuroStep Model Server' and the
Partial Model Query Language of the IFC Model Server
(Adachi, 2003), the utilization of spatial relations within a
query is limited to simple containment relationships pre-
defined in the product model. This is mainly due to the
structure of the underlying BIM which does not incorpo-
rate the explicit geometry of the building components.

The proposed 3D Spatial Query Language relies on a spa-
tial algebra that is formally defined by means of point set
theory and point set topology (Borrmann et al., 2006).
Besides fully three-dimensional objects of type Body, the
algebra also provides abstractions for spatial objects with
reduced dimensionality, namely by the types Point, Line
and Surface. All types of spatial objects are subsumed by
the super-type SpatialObject. The spatial operators avail-
able for the spatial types are the most important part of
the algebra. They comprise metric (Borrmann et al.,
2007), directional and topological operators. This paper
focuses on the directional operators.

Our concept for realizing the proposed spatial query lan-
guage is based on object-relational database technique
implementing the ISO standard SQL:1999 (ISO, 1999)
which allows the extension of the database type system in
an object-oriented way, especially by abstract data types

' http://www.eurostep.com/prodserv/ems/ems.html
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(ADTs), which may include methods (Melton, 2003). By
using an ORDBMS, spatial data types and spatial opera-
tors can be made directly available to the end-users, ena-
bling them to formulate queries as shown in Figure 1. As
can be seen in the example, spatial operators such as
above are implemented as methods of spatial data types
and can be used in the WHERE part of an SQL statement.
In contrast to purely object-oriented databases, these
methods are stored and processed server-side, resulting in
dramatically reduced network traffic compared to a client-
side solution. This paper discusses the formal definition
of directional operators and their implementation as
server-side methods.

SELECT *

FROM BuildingComponents comp, Ceilings cl, Ceilings c2

WHERE comp.isAbove (cl) AND comp.isBelow(c2) AND cl.id=1 AND c2.id=2
Figure 1. Example of a spatial SQL query returning all building
components located above ceiling 1 and below ceiling 2.

Developing a spatial query language for BIMs is a first
step towards higher spatial concepts directly available in
computer-aided engineering tools. The partial model re-
sulting from a spatial query may serve as input for a nu-
merical simulation or analysis, or might be made exclu-
sively accessible to certain participants in a collaborative
scenario. It is expected that spatial modeling and process-
ing will play an increasing role in future engineering sys-
tems.

Especially interesting is the combination of the proposed
spatial query language for BIMs with techniques for the
extraction of air volumes from 3D models developed by
our group (van Treeck & Rank, 2004), (van Treeck &
Rank, 2007). This combination will enable the user to not



only query spatial relationships between building compo-
nents, such as walls and columns, but also to include non-
physical entities such as rooms and floors.

Although many of the methods and techniques developed
within this project are applicable to Spatial Reasoning,
this field of study is not within the scope of the currently
conducted research.

2 FORMAL DEFINITION

Direction is a binary relation of an ordered pair of objects
A and B, where 4 is the reference object and B is the tar-
get object. The third part of a directional relation is
formed by the reference frame, which assigns names or
symbols to space. According to (Retz-Schmidt, 1988),
three types of reference frames can be distinguished: An
intrinsic reference frame relies on the inner orientation of
the spatial objects, such as defined by the front side of a
building, for example. A deictic reference frame is based
on the position and orientation of the observer. In con-
trast, an extrinsic reference frame is defined by external
reference points. In geographical applications, for exam-
ple, these external reference points are the earth’s north
and south pole.

The models for the representation of directional relations
between spatial objects developed so far only work in 2D
space (Peuquet & Zhan, 1987) or simply use points as
reference objects, like the cone-based and the projection-
based model (Hong, 1994) (Frank, 1996), and are accord-
ingly not suitable for engineering purposes. To fulfil the
requirements of different application scenarios, we devel-
oped two new models for representing directional rela-
tionships between 3D objects: the projection-based model
and the halfspace based model. Both models use an in-
trinsic reference frame that is determined by the orienta-
tion of the coordinate system chosen by the user.

The proposed directional models are appropriate for arbi-
trary combinations of spatial types and are based on a
separate examination of directional relationships with
respect to the three coordinate axes. For each axis, there
are exactly two possible relations, of which at most one
holds: eastOf and westOf in the case of the x-axis, northOf
and southOf for the y-axis and above and below for the z-
axis. As opposed to the directional models used in (Gues-
gen, 1989), (Papadias et al., 1995) and (Goyal, 2000), the
directional relationships of the relevant axis are not super-
imposed. Accordingly, the relationship between two spa-
tial objects is not north-east, for example, but northOf
and eastOf.

Both models distinguish between two groups of direc-
tional operators. Whereas the strict directional operators
only return true if the entire target object falls into the
respective direction partition, the relaxed operators also
return true if only parts of it do so.

2.1 The projection-based directional model

In the projection-based model, the reference object is ex-
truded along the coordinate axis corresponding to the di-
rectional operator. The target object is tested for intersec-
tion with this extrusion. Let reference object A and target

object B be spatial objects of type SpatialObject and
ac€A, beB. Then the formal definitions of the relaxed
projection-based operators read:

eastOf _proj(A, B) < Ja,b with ay =by Aa, =b, : az > b, ,
westOf _proj(A, B) < Ja,b with ay =by Aa, =b, : ay < by,
northOf _proj(A, B) < 3Ja,b with ay = b, ANa, =b, 1 ay > by,
southOf _proj(A, B) < 3Ja,b with a, = b, Aa, =b, 1 ay <by,
above_proj(A, B) < 3Ja,b with a, =b, Aay=by:a, > b, ,
below_proj(A, B) < Ja,b with ay = by Aay =0by :a, <b, .

The relaxed operators return frue if there is an intersec-
tion, otherwise false. By contrast, the strict projection-
based operators only return true if the target object is
completely within the extrusion body. Accordingly, the
formal definitions of the strict operators are:

eastOf _proj_strict(A,B) < Vb : (3a:ay =by ANa; =b; Aay < by) A
Ya : (ﬂb tay=byNa, =b;Nay > b,),

westOf _proj_strict(A,B) & Vb : (Ja:ay =by Na, =b, Aag > by) A
Va: (Bb:ay=byANa,=b,Nay <by),

northOf _proj_strict(A,B) < Vb : (3a : ay = by Aaz = b, Aay < by) A
Va: (Fb:ay =by Aa. =b, A ay >by),

southOf _proj_strict(A,B) & Vb : (Ja: ay = by Aa, =b; Aay > by) A
Va : (ﬂb:a, =byNa, =b, Nay < by),

above_proj_strict(A,B) © Vb : (3a:a, =by ANay=by Aa, <b;)A
Va: (Bb:ay =by Aay=byAa, >b.),

below_proj_strict(A,B) < Vb : (3a:ay =by Aay =by Aaz > b)) A
Ya: (Bb:az =b, Nay=byNa, <b,).

Figure 2 illustrates the consequences of these definitions.
In colloquial language, the semantics of the operator
above proj strict, for example, could be described as
“directly above” or “exceptionally above”.
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Figure 2. The projection-based directional model relies on the
extrusion of the reference object (4) along the respective coor-
dinate axis. In the illustrated example, the relaxed operator
above_proj returns true for the target objects B, D, E and G, but
false for any other target object. By contrast, the strict operator
above proj strict also returns false for B, G and E.

2.2 The halfspace-based model

The second model is based on halfspaces that are de-
scribed by the reference object’s axis aligned bounding
box (AABB). In this model, the target object is tested for
intersection with the halfspace corresponding to the direc-
tional predicate. In analogy to the projection-based model,
we distinguish strict and relaxed operators. The formal
definitions of the relaxed operators are:
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eastOf hs(A,B) < Va:3b:a, < by
westOf hs(A,B) < Va :3b:ay, > by
northOf _hs(A,B) < Va:3b:ay, < by
southOf _hs(A,B) < Va :3b:ay > b,
above_hs(A,B) & Va:3b:a, > b,
below _hs(A,B) < Va:3b:a, <b,

For the relaxed operators to return true it is sufficient if
parts of the target object are within the relevant halfspace.
By contrast, the strict operators only return true if the
target object is completely within the halfspace. The for-
mal definitions of the strict operators accordingly read:

eastOf hs_strict(A,B) < Va,b: a; < by
westOf hs_strict(A,B) < Va,b:ay > by
northOf _hs_ strict(A,B) < Ya,b: a, < by
southOf _hs_strict(A,B) < Va,b: ay > b,
above_hs_strict(A,B) < Va,b:a, > b,
below hs_strict(A,B) < Ya,b:a, <b,

o)

2

The examples in Figure 3 illustrate the consequences of

these definitions.
.
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Figure 3. The halfspace-based directional model relies on the
halfspaces formed by the reference object’s axis-aligned bound-
ing planes. In the example shown, 4 is the reference object.
Accordingly, the relaxed operator above hs returns true for the
target objects B and F, but false for any other target object. The
strict operator above_hs_strict also returns false for B. In con-
trast to the projection-based model, the halfspace-based model
cannot assign a direction to target object C, D or E.
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3 IMPLEMENTATION

3.1 Providing spatial types and operators in SOL

The spatial types as defined in (Borrmann, 2006) and the
directional operators specified in Section 1 are integrated
in the object-relational query language SQL:1999 in the
following way: The supertype SpatialObject and its sub-
types Body, Surface, Line and Point are declared as com-
plex, user-defined types and the available spatial opera-
tors as member functions of these types. For the commer-
cial ORDBMS Oracle the declaration reads’:

2 Note that Oracle SQL does not support the datatype BOO-
LEAN. Hence, the return value of the directional operators is
of type NUMBER, representing FALSE by 0 and TRUE by 1.

CREATE OR REPLACE TYPE SPATIALOBJECT AS OBJECT
EXTERNAL NAME 'SpatialObjectJ' LANGUAGE JAVA USING ORAData
(

MEMBER FUNCTION aboveiproj (object SPATIALOBJECT) RETURN NUMBER
EXTERNAL NAME 'above (SpatialObjectJ) return int',

MEMBER FUNCTION belowﬁproj (object SPATIALOBJECT) RETURN NUMBER
EXTERNAL NAME 'below(SpatialObjectd) return int',

)i

The SQL type is bound to a corresponding Java type
stored within the database, accordingly the declared SQL
member functions are bound to specific Java methods of
this type. After its declaration, the user-defined SQL type
may be used to create object tables, i.e. tables that exclu-
sively host instances of the given type.

CREATE TABLE buildingcomponents OF BODY;

As soon as the table is filled with instances, the user is
able to perform queries on them that may contain calls of
member functions® in the WHERE part:

SELECT *
FROM buildingcomponents bcl, buildingcomponents bc2
WHERE bcl.id = '58'" and bc2.above proj (VALUE (bcl) = 1

The processing of a spatial operator is forwarded to the
specified Java routines stored within the database. In the
case of a directional operator, such as above proj, the
Java stored procedure performs one of the algorithms
presented in the next two sections.

In the current phase of our project we store the explicit
geometry of all building components of a BIM in the da-
tabase by means of a simple vertex-edge-face data struc-
ture. In the future, we will upgrade to a more comprehen-
sive boundary representation, such as Winged-Edge or
Radial-Edge, which will make it possible to use the re-
sults of a spatial query for further processing in the end-
user’s CAD system. Additionally, we will store semantic
information, such as BIM classes and non-geometric at-
tributes to allow the usage of such information within the
selection predicate.

3.2 Implementation of the halfspace-based directional
model

The halfspace-based directional model can be imple-
mented easily and efficiently by using the axis-aligned
bounding boxes of both the reference and the target ob-
ject. It merely has to be checked whether the vertices of
the target object’s bounding box are within the respective
halfspace with regard to the reference object. To this end,
only the coordinate associated with the examined direc-
tion has to be tested. In the case of the relaxed operators,
in order to return frue, it is sufficient for the coordinate of
one of the vertices of the target’s AABB to be
smaller/greater than that of all the vertices of the refer-
ence’s AABB.

Let Amin = (aminix: aminjb aminiz) and Amax = (amwcix, amev,
ama: -) be the vertices of the reference object’s AABB and
B, and B, the vertices of the target object’s AABB
accordingly. Then the relaxed operator above hs, for ex-
ample, checks whether b4y - > @y -1s fulfilled. The strict
operator above_hs_strict, on the other hand, checks
whether b, - > @ - 1s fulfilled (Figure 4).

3 Note that the intended integration of a spatial indexing
method will require the declaration of SQL operators.
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Figure 4. The implementation of the halfspace-based directional

model is based on a comparison between the respective coordi-
nate of the vertices of the reference and target object’s AABBs.
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3.3 Implementation of the projection-based directional
model

The implementation of the projection-based model is
much more complex than that of the halfspace-based
model. The proposed algorithm is based on a hierarchical
space-partitioning data structure slot-tree, which is related
to the octree data structure.

The octree is a space-dividing, hierarchical tree data
structure for the discretized representation of 3D volumet-
ric geometry (Meagher, 1982). Each node in the tree
represents a cubic cell (an octant) and is either black,
white or grey, symbolizing whether the octant lies com-
pletely in the interior, in the exterior or on the boundary
of the discretized object. Whereas black and white octants
are branch nodes, and accordingly have no children, grey
octants are interior nodes that have exactly eight children.
The union of all child cells is equal to the parent cell, and
the ratio of the child cell’s edge length to that of its father
is always 1:2. The equivalent of the octree in 2D is called
quadtree.

In our implementation concept for projection-based direc-
tional operators, each spatial object is represented by an
individual octree. There are several different approaches
for generating an octree out of the object’s boundary rep-
resentation, most of which are based on a recursive algo-
rithm that starts at the root octant and refines those cells
that lie on the boundary of the original geometry, i.c.
which are coloured grey. A very efficient creation
method based on halfspaces formed by the object’s
bounding faces is presented in (Mundani, 2003) and is
used in our implementation. But before applying the oc-
tree-based algorithm, it is wise to conduct a rough test
based on the relative position of the operands’ AABBs.

B

Figure 5. Implementing the initial check to determine whether
the projection of the target object’s AABB lies completely
within the projection of the reference object’s AABB.
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In the case of the relaxed operators, it is necessary for the
projections of the AABBs on the plane orthogonal to the
direction under examination to overlap. In the case of the
strict operators, the projected AABB of the target object
has to lie completely inside the projection of the reference
object’s AABB (Figure 5). If these initial conditions are
not fulfilled, the operators return false.

Once the initial test has been passed, a detailed exa-
mination based on the exact geometry of the operands has
to be conducted. As mentioned above, the proposed algo-
rithms use a space-partitioning data structure called a slot-
tree, which is introduced here. A slot-tree re-organizes
the cells of an octree with respect to their position or-
thogonal to the considered coordinate axis.

The basic element of a slot-tree is the slot. If we take a
look at the z-direction, for example, a slot contains all
cells that lie above each other (Figure 6, left). It accord-
ingly contains a list of octants in the order of their appear-
ance. The octants may stem from different levels of the
octree, and consequently may have different sizes (Figure
6, right). This also means that one octant might appear in
the list of different slots. Introducing the slot data struc-
ture allows for the application of simple tests based on the
colour and absolute position of the cells contained therein
in order to decide whether the examined directional predi-
cate is fulfilled or not.

Level 2

Slot 1| Slot 2 \ | | =
\ - Level 3

Slot 3 | Slot 4 N
- Level 4
B, AN O
Ny AN

N AN —> Level 2

Figure 6. Left: Slots in 3D. Right: A slot in 2D that contains
cells from different levels of the underlying quadtree. Slot 1212
from Figure 7.

In analogy to the octree, the slot-tree organizes the slots in
a hierarchical way. Each node in a 3D slot-tree has either
4 or no children, dependent on whether the corresponding
slot contains grey octants. A slot-tree may be directly
derived from an existing octree representation, or gener-
ated on-the-fly while processing the algorithm of the di-
rectional operator. The procedure is illustrated in Figure
7. Traversing the octree top-down in a breadth-first man-
ner, we proceed to build up the slot-tree, generating child
slots and inserting them into the slot-tree, as required.
Such a refinement is necessary if at least one cell in the
current slot is grey. By coupling the generation of octree
and slot-tree with the processing of the directional opera-
tor, it is possible to avoid unnecessary refinements at
places of no relevance for the operator's results.

Due to the differing semantics, strict and relaxed opera-
tors are implemented differently. Both algorithms rely on
the principle of creating slot pairs with one slot from ob-
ject A and one from object B, both covering the same sub-
set of space, and performing local tests on these pairs.
Due to the limited space available, a detailed description
of these algorithms will be presented in follow-up publi-
cations.
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Figure 7. Generation of a 2D slot-tree up to level 4. A slot is
only refined if it contains at least one grey quadrant. A 2D slot-
tree can be derived directly from the quadtree presentation of the
object's geometry, a 3D slot-tree from an octree representation
accordingly.
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4 CONCLUSION

This paper presents in-depth definitions of directional
predicates in 3D space by introducing two directional
models: The halfspace-based model where the direction
partitions are formed by the reference object’s axis
aligned bounding planes, and the projection-based model
that relies on the extrusion of the reference object in the
respective direction. The notions of strict and relaxed
predicates have been defined for both models.

Whereas the halfspace-based model can be implemented
by simple tests using the axis aligned bounding boxes of
both the reference and the target object, the algorithms for
implementing the projection-based model are much more
complex. The paper gives an overview on a possible im-
plementation by means of slot-trees, a new space-
partitioning data structure that is introduced here. It can
be derived from the octree representation and allows for
the application of local tests based on the colour and loca-
tion of the underlying octants. A detailed description of
the recursive algorithms on the basis of the slot-tree data
structure will be presented in follow-up publications. Fig-
ure 8 shows the prototypical client application used to
submit a spatial query and visualize its results.

=Iolx]

(8 30 Spatial guery Client

Figure 8. The client application used to submit spatial queries
und visualize the results. The example shows a partial model
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that was extracted from the structural model of the building. It
contains all components above the first and below the sixth ceil-
ing and was created by the use of an SQL query whose condi-
tional statement (WHERE part) contains the directional opera-
tors above_proj and below_proj.
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MANIPULATING IFC SUB-MODELS IN COLLABORATIVE TEAMWORK
ENVIRONMENTS

M. M. Nour

Bauhaus-Universitit Weimar, Informatik im Bauwesen, Germany

ABSTRACT: This paper addresses the problem of workflow management in collaborative teamwork environments,
where multidisciplinary actors and software applications are involved. Design versions or variants may represent dif-
ferent development stages, partial designs or solution alternatives that need to be integrated together. The paper pre-
sents a novel approach to splitting and merging IFC sub-models (partial models) at different degrees of granularity
away from the schema oriented approaches. It relies on an instance oriented approach (FIOPE) Flexible Instance Ori-
ented Partial Exchange Environment, that enables end users’ manipulation of the IFC model and consequently the con-
tribution to the evolution of exchange patterns which can be formalised later to partial exchange schemata (e.g. EX-
PRESS-X ISO 10303 P-14). The process of comparing IFC/STEP models’ tree structure is neither simple nor straight-
forward. Consequently, certain algorithms are developed to overcome the complexity of the IFC EXPRESS-ISO P-11
definition of the IFC model. A whole range of software tools for reading, visualizing, processing and writing IFC/STEP

models have been developed to achieve the above interoperability aim.
KEYWORDS: IFC, collaborative team work, partial models, interoperability.

1 INTRODUCTION

1.1 Interoperability

Since the mid nineties, the AEC/FM (Architectural Engi-
neering Construction / Facility Management) community
has allocated a lot of research efforts towards solving its
Interoperability problems. Interoperability in the building
industry is defined as “An environment in which com-
puter programmes can share and exchange data auto-
matically (without translation or human intervention),
regardless of the type of software or of where the data
may be residing” (NCCTP 2007). Another relevant defi-
nition from the (Merriam-Webster, 2007) dictionary is
“The ability of a system to use the parts or equipment of
another system.”. The Oxford Dictionary defines the term
as a noun derived from the adjective interoperable “Able
to operate in conjunction”. It is also defined as “The abil-
ity of two or more systems or components to exchange
information and to use the information that has been ex-
changed.” (IEEE, 1990). It could be concluded from the
above definitions that the main focus is on (1) data shar-
ing, (2) the ability to exchange usable information and (3)
platform independence, i.e. away from proprietary devel-
opments.

1.2 Industry foundation classes

The International Alliance for Interoperability (IAI) intro-
duced the Industry Foundation Classes (IFCs — ISO/PAS
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16739, 2005) as a non-proprietary standard for informa-
tion exchange among AEC/FM project participants. It
provides definitions for syntax as well as semantics of
construction elements. It facilitates the exchange of both
geometric as well as alphanumeric data of construction
elements and their inter-relations.

The IFC model itself is defined in EXPRESS (ISO 10303-
P11, 1994) schemata. EXPRESS is a lexical object ori-
ented modelling language. It possesses a unique ability of
enforcing rules and constraints on its objects that is hard
to map one to one to other modelling or programming
languages. For a thorough introduction to the language,
the reader can refer to (Schneck and Wilson, 1994).

The data instances of the IFC model are exchanged in the
STEP (Standard for Exchange of Product Model Data -
ISO 10303-P21, 2002) format. It is the means by which
data defined by an EXPRESS (ISO-10303-P11) schema
can be transferred from one application to another. It is a
clear text encoding of the exchange structure that repre-
sents data according to a given EXPRESS schema. A
STEP file consists of two main parts; first is the
HEADER section and then the DATA section(s). The
header section includes information about the application
that produced the IFC model, a time stamp, schema ver-
sion, file name, file description and so forth. On the other
hand the DATA section(s) consists of an arbitrary number
of IFC elements. Each element is a mapping of the attrib-
ute values and data types of the EXPRESS definition of
the element in a super to sub-class order.



1.3 Collaborative multidisciplinary teamwork

In the majority of construction procurement systems, de-
sign work needs to be done in a multidisciplinary team-
work environment. The design process is by nature illu-
sive and iterative inside the same discipline and between
other AEC disciplines. The design process possesses
many versions that represent various design development
stages. It also includes many alternative design concepts
and decision making processes. An obvious general ex-
ample is the delivery of architectural designs to structural
and HVAC engineers while still undergoing further de-
sign refinements and iterations. It is even worse when we
consider fast-track procurement routes.

In the sequential workflow, it is straight forward and there
are no big problems as long as a lossless information
handover from one stage to another is guaranteed. How-
ever, in parallel working approaches, severe problems
related to data acquisition and management in addition to
multi and inter disciplinary collaboration arise. Often de-
sign team members from the same discipline use different
software tools and work in parallel. For example, a build-
ing can be divided into three different sections among
three different architects to design. Every architect can be
using a different software tool, and they have to integrate
their work at the end.

2 STATEMENT OF PROBLEM

2.1 The use of building information models

Building Information Models (BIMs) in general and IFC
in particular are aimed at achieving interoperability be-
tween software tools that are used in the entire lifecycle of
a construction project. It is envisaged that all tools will be
able to work on a central pool of project data. Although,
the majority of AEC software developers have IFC APIs
that are capable of importing and exporting IFC/STEP
files, it is still not possible to make full use of the IFC
model and abandon the file based exchange scenario. This
is attributed to the fact that an IFC model of a certain pro-
ject is exchanged as a whole unit. In the meantime, the
internal structures of different software applications do
not support the whole range of information that is covered
by the IFC specifications. This makes it nearly impossible
to maintain a lossless data exchange across applications.

2.2 Practical implementation aspects

From a work flow management perspective, in order to
achieve a lossless information exchange among AEC/FM
project members, either the software developers should
change their internal data structuring to eliminate irrele-
vant IFC data loss or the exchange should be limited to
partial models that contain application-relevant IFC data.
The latter seems to be the most practical solution, other-
wise software developers will face high levels of data
redundancy. Moreover, they will have to maintain both,
the coherency of their own data as well as the data pro-
duced from other applications processing the same model.

Among the examples for using IFCs in real projects are:
The Headquarters for the Danish Broadcasting Corpora-
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tion (Karlshej, 2002), LBNL E-Lab Building (Bazjanac,
2002) and one of the most important experiences of de-
signing real projects where IFCs have been implemented
for interoperability reasons is the Helsinki University of
Technology Auditorium Hall (HUT 600), (Kam et al,
2002) in Finland. In this example IFC-based data ex-
change took place among architects, mechanical engi-
neers, construction managers and 4D research collabora-
tors using IFC release 1.5.1. The project team exchanged
architectural models, thermal simulation data, mechanical
component geometries, building components and material
data.

The design team reported that they managed to save 50%
of the design time by minimizing data re-entry. Thermal
simulations and cost estimation could immediately and
directly make use of the IFC model. It enabled interop-
erability between 3D geometric and non-geometric data
such as thermal values, construction material and assem-
bly properties.

On the other hand, they experienced some geometrical
misrepresentation by middleware and software, loss of
object information, confusion in interdisciplinary revi-
sions, large file sizes and absence of specific applications
requirements. In reporting such experiences, the partial
data exchange and the support of interdisciplinary revi-
sions were given a top priority among the identified short
comings.

The project’s report also emphasised that partial model
exchange will allow each discipline to read data that is
pertinent to it. This should result in reducing time and the
burden to import the entire IFC model. Furthermore, par-
tial data exchange should have the potential of minimiz-
ing the risks of erasing or corrupting other idle project
data. IFC model servers were identified as a potential
solution for partial model exchange problems.

2.3 Model views and management of exchange scinarios

A drawback of some previous research efforts might have
been that ICT technologies used to sit in the driver seat
and steer partial model exchange scenarios. However,
there is a great need to understand the connections to a
larger context, where the end user’s value chain require-
ments and procurement systems’ demands are the driving
factors, i.e. research efforts should be driven by end us-
ers’ needs rather than ICT solutions.

2.3.1 Model views

The TAI has published the IFC Model View Definition
Format in year 2006 (Hietanen, 2006). This report in-
cludes the main procedures that should be followed in
order to reach a Model View Definition. It presents a road
map that identifies the main processes that should be fol-
lowed all over the lifecycle of a Model View Definition.
It seems that the IAI has recently become aware of the
importance of mapping business processes and data ex-
change requirements. They are key enablers for allowing
deployment of new technologies to take place. This would
ultimately increase the number of end users and conse-
quently speed up the evolution and maturity of such tech-
nologies. This is particularly true if we consider the
amount of end users’ (millions) efforts that can be con-



tributed to the development process in comparison to the
small group of IAI/ IFC experts alone.

2.3.2 Partial model exchange

According to (Lockley et al, 2000) partial model ex-
change takes place in two different forms:

- Schema oriented partial exchange

- Instance oriented partial exchange

2.3.2.1 Schema oriented partial exchange

The partial schema defines a data subset of the core
schema. This data subset represents the relevant data ob-
jects’ requirements of a specific application or activity.
An example of this approach is the exchange of all walls
of a building regardless the included openings, or the ex-
change of quantities regardless the objects’ geometry. In
this approach it is emphasised that the subset schema is
part of the main schema.

Entities’ instances are extracted “Checked Out” from the
central repository in a long term transaction in the form of
a STEP-P21 file, that is used by the importing application,
i.e. a splitting process. Most probably the extracted partial
model will have to be mapped to the internal data struc-
ture of the importing application. Information loss de-
pends on the relevance of the imported partial model’s
objects to the internal data structure of the application.

The above splitting or partial model extraction can take
place in two forms. (1) Cutting the extracted instances
away from the model. (2) Keeping the original model as it
is and extracting a copy (clone) of the required instances.
The second approach is safer. However, it requires more
cautious mechanisms in collaborative working (e.g. lock-
ing) and also at later stages, when a merge of the modi-
fied sub-model is required, otherwise the consistency of
the model is at risk.

After accomplishing the required tasks by the importing
application, the model is (“Checked In”’) reintegrated to
the original core model through a merging process. Ex-
periences from the COMBINE research project (Augen-
broe, 1995) showed that there is a need for an output sub-
schema that is different from the input sub-schema. The
use of sub-schemata is mainly aimed at avoiding the
product model being corrupted by inconsistent data. Thus,
sub-model instances have to be validated against the EX-
PRESS rules before being transferred, in order to ensure
coherence.

The above scenarios can be carried out directly by using
the EXPRESS-X (ISO 10303-P14, 2005) mapping lan-
guage. EXPRESS-X mapping schemata are written to
manage data transfer from the core model to the sub-
models. In this case, it will be a copying schema that de-
fines the model’s subset. In other cases, it can be a map-
ping schema that maps the subset to an entirely different
EXPRESS schema (a Business Object, can be a non-IFC
schema). An advantage of this copying approach is that it
preservers objects’ Global Unique Identifiers (GUID) for
object instances that are not newly created, and hence the
identification of project instances in the merging (integra-
tion) and comparison processes is guaranteed for all in-
stances that posses a GUID (subtypes of IfcRoot).
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3 SOLUTION CONCEPT (FIOPE)

The Flexible Instance Oriented Partial Exchange Envi-
ronment (FIOPE) is a new approach that depends on an
instance oriented approach rather than a schema oriented
partial exchange scenario. The following sections discuss
the approach in addition to an implementation example
for an IFC 2X model:

3.1 End user involvement

As a result of the discussion in section 2.3.1, it could be
concluded that the involvement of end users in the devel-
opment of partial exchange requirements and mapping
their processes is the key to any successful deployment.

End user’s are not considered to be software developers
only. Architects, engineers, all stake holders and value
chain members are considered to be end users as well. In
order to involve end users in the development / deploy-
ment process of IFC partial model exchange, it is totally
impractical to think of educating them the
IFC/EXPRESS, EXPRESS-X or SDAI technologies to be
able to create a sub-schema to respond to their require-
ments and map their processes. It is envisaged that end
users should have ready made flexible user friendly sim-
ple tools that enable them to define their partial exchange
scenarios. Meanwhile, the available EXPRESS/STEP tool
boxes (e.g. EDM (EPM, 2004), (EuroSTEP,2007),
(STEPTo0ls,2007)) are too complex to be used by actors
who do not have any idea about the underlying technolo-
gies.

An important end user is the project manager or the actor
who controls data acquisition and management. He is the
one who controls partial model distribution among
AEC/FM disciplines at each phase of the construction
project and also at transferring the project data from one
phase to the other (e.g. from design to construction). Nev-
ertheless, this depends on the selected procurement route
and the degree of integration between design and con-
struction activities (e.g. whether it is a turn key project ,
design and build, BOOT, PFI and so forth). Moreover, in
teamwork collaborative environments, team members
need to share partial models among themselves, regard-
less the software application they are using. Conse-
quently, there is a need for a degree of freedom to be able
to define the partial exchange contents themselves. Usu-
ally, the partial exchange takes place in three dimensions:
(1) Is among team members of the same discipline, (2)
Among multiple disciplines (3) From one stage of the
project to the other. At this stage of the research work, the
paper focuses only on the 1% dimension.

3.2 FIOPE specifications

The FIOP approach enables the end user to carry out IFC
partial exchange operations without the complications of
both the partial EXPRESS schema generation or SDAIL
The prototype is currently under development on the basis
of the IFC2X3 model version. The main challenge in this
approach is to achieve consistency and avoid data redun-
dancy on one side, and from the other side to provide a
flexible user friendly environment for the wide spectrum
of end users. These two aspects (flexibility of use and



data redundancy) lie on two opposite ends of a contin-
uum. This approach is aimed at giving end users a chance
to participate in developing and defining their own partial
exchange scenarios. By evolution, trials and errors, the
partial exchange requirements and technological demands
will force themselves to exist. At this point, well defined
EXPRESS sub-schemata can begin to have some meaning
for the end user who is not deeply involved in the under-
lying technologies.

3.2.1 IFC model splitting

One of the main functionalities needed by the project
manager or the body that is responsible for data acquisi-
tion is to be able to create sub-models and distribute them
among different actors. In the schema oriented approach,
this would have been done by copying the elements using
an EXPRESS-X mapping schema from the source model
to a target model. This necessitates that both the mapping
schema and the partial model schema should exist in ad-
vance. The FIOPE approach, on the contrary, gives the
chance to the end user to determine him/herself on the
spot the elements that should be packed to the partial
model in a Pack & Go - Drag & Drop scenario. The latter
necessitates the existence of a 2D/3D IFC CAD viewer,
the IFC model tree spatial structure in addition to filtering
and selection functionalities.A main challenge that faces
FIOPE is keeping the consistency of the IFC model and
avoiding data redundancy at the same time. Accordingly,
it is very important to identify places in the IFC model
schema structure, where it is possible to make a cut in the
model. It resembles carrying out a surgical operation. By
observing the EXPRESS-ISO 10303-P11 definition of the
IFC model, two main places for cutting/splitting the sub-
model from the parent model could be identified as shown
in figure 1. (1) Optional attributes, (2) Inverse Attributes.

’

, ” Partial
‘<~ Model

<«—» Inverse Attributes
rrrrrrrrr » Optional value attributes

—* Normal explicit attributes

Figure 1. The relation between the partial and parent models
with potential splitting edges.

3.2.1.1 Splitting at optional attributes

An attribute being specified as Optional means that it can
be assigned a null value. This is represented as a “$” in
the STEP-P21 exchange format. In EXPRESS, (Schneck
et al, 1994) state that “Unless an explicit attribute is de-
clared as optional valued, a legal value is mandatory.”.
Saying that an entity has an Optional attribute does not
mean that the attribute itself is optional. It means that the
value of the attribute is optional, i.e. the value is not al-
ways needed, but the attribute itself has to exist. It should

also be mentioned that optional attributes do not change
the interpretation or the behaviour of the entity (ibid).
Consequently, cutting or splitting the IFC model at this
place should not affect the model’s coherence. It does not
mean a physical cutting to the model. It means copying
the element of the model with the optional attributes
given the value null to prevent pulling (copying) the en-
tire tree of referenced objects. This should be decided by
the user through a graphical user interface.

3.2.1.2 Splitting at inverse attributes

Another suitable place for splitting/cutting the sub-model
from its parent model while preserving the model’s co-
herency is at the Inverse Attributes for the following rea-
sons:
1.Inverse Attributes are not mapped to the exchange
STEP-P21 format, i.e. not included in the IFC/STEP
files.
2.The role of Inverse Attributes in EXPRESS is to show
existential dependence rather than the definition of the
entity itself (Schneck et al, 1994).
3.By observing the use of Inverse Attributes in the IFC
EXPRESS definition schema, it could be noticed that
they are in most of the cases linked to a relation in-
stance (IFCRELxxx) that links an element with other
elements of the model, (e.g. A building storey to its
constituents). This relation plays the role of a cross
reference table in a relational database. Moreover, the
reference between the abstract entity IfcObject and all
its subtypes can be restored at reintegration (merging)
time.

Due to the above reasons, the Inverse attributes are con-
sidered as a suitable place to perform a cutting when split-
ting a sub-model.

The splitting process also copies the context of the se-
lected elements together with the non-optional object in-
stances referenced by their attributes (e.g. IfcOwnerHis-
tory, that contains a lot of information about the creator of
the object, the software application, version number and
so forth). The importing applications will not be able to
process the IFC model without contextual information
like the IfcProject instance, the definitions of measuring
units and so forth. Therefore, there is a minimal context
that should be copied with the selected elements to the
sub-model. This context is also needed later at the reinte-
gration stage.

3.2.2 IFC model integration / merging

After the sub-model has been worked upon by software
applications, it has to be reintegrated to the parent model.
The main challenge in the integration process is the com-
parison between the elements in the sub-model and their
existing counterparts (old copy) in the parent model. The
comparisons can be differentiated into two types: (1)
Shallow Comparison and (2) Deep Comparison.

3.2.2.1 Shallow comparison

In the shallow comparison process, the primitive attrib-
utes of the IFC elements are compared. References are not
followed. This comparison identifies the elements coun-
terparts in both the sub-model and the parent model
through GUIDS (Global Unique Identifiers). Conse-
quently, the rest of the primitive attributes are compared.
The first step in this comparison process is to make sure
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that the same model is being compared. This is done by
insuring that both models possess the same IfcProject’
instance with the same GUID. It is important here to men-
tion that in primitives comparison like (double, REAL,
float) a tolerance value should be specified, otherwise
values will be shown as different, even if they are equal to
the 3 or 4™ decimal place. This tolerance is defined in
the IfcProject context. This kind of comparison can pick
up changes in the values of primitives like the width or
height of an IfcDoor or IfcWindow.

3.2.2.2 Deep comparison

The deep comparison on the contrary, follows up the at-
tributes’ references and compares an entire tree structure.
It is not a direct or a straight forward task. The tree struc-
ture of the sub-model is different from the parent model.
It can include new elements that do not exist in the main
model or miss elements that exist in the parent model.
Elements from the original model could have been erased.
Comparing counterparts in both models according to
GUIDs or position in the tree does not satisfy the com-
parison’s needs. This is attributed to the fact that only IFC
elements that are derived from IfcRoot possess a GUID.
For example a material ([fcMaterial) that is linked to a
wall through the relationship (IfcRelAssociatesMaterial)
does not posses a GUID. Hence, the only means of com-
parison is by comparing the type of the attribute and its
string value. It is even worse when we consider geometry
comparison. All elements that belong to the geometry
resource schema at the resources level of the IFC model
do not posses a GUID. Hence, if the values of the primi-
tives are different, then the situation is given back to the
user to handle it himself by either confirming or rejecting
the new version of the geometry as a whole. Conflict de-
tection in 3D is a matter that is expected to be resolved by
the user’s intervention through the graphical user inter-
face.

3.2.2.3 The merging process

In the merging process, the elements of the partial model
are copied to replace their original counterparts in the
parent model. At this point, all optional attributes pos-
sessed by any IFC element in the parent model that are
absent in the partial/sub model are re-instantiated. Thus,
all links to the elements that are not part of the partial
model are retained.

3.2.3 Needed tools

In order to be able to perform the operations defined in
the above sections, a set of tools that enable the manipula-
tion of the IFC model is needed. EXPRESS is NOT a
programming language and hence, there is a need to bind
the EXPRESS data structures to a programming language.
Moreover, the STEP-P21 exchange format has to be read
and interpreted by the manipulating application. It is en-
visaged that the end user will carry out all splitting and
merging operations on a graphical user interface that
visualizes both the IFC CAD view and the IFC model
spatial tree structure ( IfcProject = IfcSite = IfcBuilding
2 IfcBuildingStorey =2...). The needed tools are the fol-
lowing: (1) STEP-P21 Parser, (2) An IFC/EXPRESS In-
terpreter, (3) IFC viewer (CAD and Tree ), (4) IFC/STEP
writer. Due to the limited space in this paper, for a com-

! IfeProject is a unique entity in every IFC model.
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plete description of how these tools can be built for scien-
tific research purposes, the reader is advised to refer to
(Nour et al, 2005)

3.2.4 Example

As a simple examples that illustrates the principles of the
FIOPE approach, a CAD model of a building storey was
initiated in ArchiCAD 9.0 (GraphiSoft,
www.graphisoft.de), as shown in (figure 2(a)). The model
was splitted according to the FIOPE approach and the
IfcProject instance containing an IfcSlab was exported to
another CAD software; ADT 3.3 (Autodesk,
www.autodesk.com) as a STEP-P21 sub-model. Walls
and openings were added to the sub-model, as shown in
figure (2(b)). The modified sub-model was exported in
the form of a STEP-P21 file and re-integrated to the
original parent model, as shown in figure 2(c).

After integration of partial models, the user could still
identify the history of each element (who crated it, when,
by which software application, versions and so forth).
Normally, if a CAD software imports an IFC STEP file
and re-exports it, the header file information and objects’
owner histories are changed to contain information about
the last processing application. In the above example,
each action by each actor and each software application
can be traced back to its doer.

The above process is not as simple as it seems to be. Each
IfcWallStandardCase consists of eight attributes that are
exchanged through the STEP-P21 file. Six of the eight
attributes have optional values. The only two mandatory
values are the GUID and the owner history that are inher-
ited from the entity /fcRoot. Hence, the user is free to de-
cide whether to pack the optional attributes and take them
to the sub-model or not. In the case of a CAD application,
the local placement and the shape representation of the
object are essential. Therefore, they are copied to the par-
tial model. Other optional attributes like the description,
object type or tag of the wall are left behind.

The user has also the ability to choose between the in-
verse attributes to be copied to the partial model. In order
to take the wall’s material to the sub-model, the instance
of the linking relation IfcRelAssociates has to be copied
together with its referenced [fcMaterialSelect and its ref-
erences to the partial model. (Figure 3) shows an EX-
PRESS-G diagram that clarifies this concept. The user is
free to determine the splitting edge of the model accord-
ing to the exchange needs. In (figure 3), the user is able to
chose the attributes according to the above rules. In this
case, the user decides that the material of the wall and the
wall’s description (optional and inverse attributes) are not
needed by the data exchange requirements.

In both cases of optional and inverse attributes, where the
value of the attribute is non-primitive (i.e. a reference),
the entire tree structure of the attribute and its references
are traced and copied to the sub-model. A more advances
algorithm could also decide whether to take the optional
or inverse attributes of the followed references.

The merging or re-integration process highly depends on
comparing the tree structure of both the parent and partial
model. Newly instantiated elements are copied to the par-
ent model. The new attribute values of the old elements
replace the old ones and, thus, the object retains both its
modified attributes as well as the old ones.
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Figure 2. The integration of the partial model to the parent model. (a) is the parent model initiated in ArchiCAD, only the IfcSlab and
IfcProject instances were exported. (b) The rest of the walls in the building storey were drawn in ADT 3.3. (c¢) The partial model “b”

is merged to the parent model “a”.

P

Relatedobjectf S[1:7]
(INV) HasAssPciation

ifcrelassociatesmaterial

RelatingMaterial

ifcownerhistory

Figure 3. An EXPRESS-G diagram showing the splitting of the
IFC model at inverse and optional attributes. The diagram is an
abstraction from the author to enable the reader to follow up the
references.

4 CONCLUSION

It is concluded from the discussions in this paper that the
end user’s contribution is essential to the success of any
process mapping that can be implemented later by a par-
tial exchange schema. The end users are considered to be
the wide spectrum of users who contribute to the project’s
whole life cycle and value chain. This contribution will
determine the process requirements and identify the in-
dustry needs. Consequently, partial exchange scenarios
can be identified and developed by evolution rather than
revolution.

The FIOPE approach is an instance based partial ex-
change approach that enables end users who are not EX-
PRESS, IFC or STEP experts to define their own partial
exchange patterns on a user friendly graphical user inter-
face.

The approach makes use of the optional and inverse at-
tributes of the IFC model in splitting and re-integrating
(merging) models. The comparison of IFC tree data struc-
tures is a crucial aspect to the success of this approach. A
simple implementation example was demonstrated by
using two different CAD packages for splitting and merg-
ing partial models containing few IFC elements.

The advantage of the developed approach is its simplicity
and the ability of non-EXPRESS or STEP experts to use
and define their own exchange content. However, the
disadvantage of this freedom is that it is difficult to guar-
antee a high degree of data consistency and coherency in
comparison to the schema oriented approach, where
checks and validation against EXPRESS rules can be per-
formed.
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The developed approach is expected to give a great push
to the technology pull, which would consequently help
process re-engineering in various procurement systems in
the AEC/FM domain.
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ABSTRACT: In this paper, we present a conceptual framework enabling to manage broad set of activities supported by
multi-module software application for construction project management. In order to maintain an integrated generic
structure to enable interoperable use of standardized data in a general CPM model, we proposed an IT environment
which is based on a formal process methodology, standardized product and process model (IFC), and overall architec-
ture integrating technical (design) work, construction process planning and project management in an open and modu-
lar manner. In this context, we developed Construction Management Phases for Software Interoperability, Organiza-
tional and IT Management Processes with using of ARIS methodology in order to implement IFC views. Based on this,
we outline a web-based environment enabling to plug in all component tools via a common client, providing a coherent
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1 INTRODUCTION

The systems and methodologies for building descriptions
have improved over many years ranging from simple
sketching to complex nD models and databases. Today,
due to the increased interactions and interrelations among
the actors and organizations participating in a construc-
tion project, there is a well understood need for computer-
supported conceptual models that can define precisely the
complex communications between all stakeholders so that
more efficient concurrent development of the construction
facilities can be reached.

Although important implementations have been achieved
in the last years, the effects on the practical side have not
yet reached to expected level. Information is produced in
an effective way, but the information management is still
the same as is in the past decades. This can be explained
by lack of generality in terms of data and process interop-
erability and the insufficiency of applications utilizing
each other’s data directly in digital format. This signifi-
cantly decreases flexibility, information exchange be-
tween the component systems and last but not least, inter-
enterprise cooperation and knowledge transfer.

To improve a solution to these complex problems consid-
erable achievements were determined in the conceptual
specification and the development of integration models.
Following early suggestions such as the IRMA model
(Luiten et al. 1993), many national and international pro-
jects as; VEGA (Zarli et. al., 1997), ToCEE (Scherer
2000), OSMOS (Rezgui & Wilson, 2002) etc. have de-
veloped models of increasing complexity, targeting vari-
ous aspects of interoperability. Supported through these
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efforts, the industry-driven IFC (industry foundation
classes) model was born in the 90s. This model is con-
tinuously improving and maturing towards a true standard
for cooperative model-based working processes in
AEC/FM (Liebich et al. 2000).

However in spite of all achievements for managing the
process, product, documentation and communication, the
organizational and information infrastructure in the AEC
sector is still highly fragmented.

In order to maintain an integrated structure to enable in-
teroperable use of standard data in a generic CPM model
in this research, we proposed an IT environment which is
based on a formal process methodology, standardized
product and process model (IFC), and overall architecture
integrating technical (design) work, construction process
planning and project management in a web-based con-
figuration, enabling to plug in all component tools via a
common client providing a coherent GUI.

2 OBJECTIVES

To achieve interoperability in the area of construction
project management (CPM) it is necessary to describe the
building products, their parts and the related processes
with multiple inter-related features. This requires to take
into consideration (1) the economic and technical aspects,
that can affect the products and processes during their
lifecycle, and (2) the different involved discipline do-
mains.



In this context, based on the experience gained from
studying state-of-the art systems and best practice exam-
ples, the operational objectives for the development of an
efficient IT-supported CPM solution can be defined as
follows:
1.Generalize and formally describe CPM processes to
facilitate interoperability over a broad spectrum of ap-
plications
2.Develop a common formalized information model for
CPM based on the schemas of the IFC standard (ISO
PAS 16739), to provide for the integration of product,
process, cost and management data
3.Develop methods to integrate existing legacy systems.
4.Develop a CPM assistance tool to interactively prove
context relevant data completeness.

3 APPROACH

The specific requirements, the highly distributed nature of
the construction industry, and the independently used
systems for management processes provide the rationale
for setting up the basic principles of the proposed sys-
tems.

In this research, a feasible methodology for interoperabil-
ity was developed according to: (1) The IFC model of the
IAI for a hierarchically structured product model, (2) The
ISO Quality Management System (ISO 9001:2000) for the
existing real-world process specification for managing
CPM requirements of outcome and (3) Web-based inte-
grated methods for encompassing the product and process
information exchange within the CAD, ERP and Schedul-
ing Systems that support IFCs.

In order to constitute an integrated CPM Model, the Con-
struction Management Phases for Software Interoperabil-
ity (CMPSI) was formalized with using of IDEF0 model-
ing methodology according to implied requirements.
ISO9001:2000 Quality Management System Procedures
were established subsequently, to support organizational
management structure and to establish a control mecha-
nism. In order to narrow the scope and to better define the
CPM aspects, the Bidding Preparation Phase (BPP) of
CMPSI was chosen and the overall BPP processes were
formalized in two interrelated subsystems using ARIS
methodology (1996): (1) Organizational Management
Process (OMP) and (2) IT Management processes
(ITMP). To provide completeness between these interre-
lated systems a mapping structure between CMPSI, OMP
and ITMP was also obtained. The OMP provides the core
process structure from which ITMP are referenced and
coordinated. It was developed based on an implemented
Process Lifecycle Model which was formalized according
to CMPSI, ISO 9001:2000 Quality Management System
Procedures, Procurement Systems, and Software Integra-
tion Requirements. The respective technical and support
processes were then improved with using of ARIS, eEPC
(ARIS, extended Event-driven Process Chain) Model, in
order to provide a core/complete CPM model. The ITMP
obtain the guiding process structure, related to interopera-
bility of CAD, ERP and Scheduling systems which are
used for CPM purposes. Using a process-centric approach
(based on the eEPC), the related services and data re-
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sources for each task were identified. Referencing IFC
Model data is provided via formally defined IFC views in
the context of the respective tasks. This was achieved
with the help of a formal specification using the General-
ized Subset Definition Schema (GMSD) (Weise et al.
2003) developed at the TU-Dresden, rules for dynamic
run-time filtering, and a dedicated service performing the
actual view extraction for the specifically referenced
CAD, ERP and Scheduling Systems. IFC core schema
objects were used as much as possible, with some needed
extensions for CPM purposes. However, as the objective
is to propose an integrated framework and show how IFC
fits into it rather than develop a specific IFC extension
model for CPM, this has been done only for selected ex-
amples. Based on the envisaged configurations, an opera-
tional framework for CPM will be developed as an inte-
grated client-server environment, enabling to plug in all
component tools.

4 INTEGRATED CPM MODEL

Development of an integrated CPM Model requires a ho-
listic approach, taking into consideration management
items, software applications, product data descriptions
and a web-based system infrastructure.

4.1 Construction management phases for software inter-
operability

In order to formalize an integration methodology, encom-
passing the product and process information exchange
within the CAD, ERP and Scheduling Systems which
supports IFCs, the phase formalization principles: (1)
General Project View, (2) Process Consistency, (3) Phase
and Process Reviews etc. were developed. This approach
provides the basis for the envisaged structure.

Furthermore, the Construction Management Phases for
Software Interoperability which composed of five basic
phases as: (1) Design, (2) Bidding Preparation, (3) Plan-
ning & Construction, (4) Realization, and (5) Evaluation
of Outcome and Feedback was improved with using of
IDEF0 modeling methodology. In all phases specific data-
bases and algorithms were used to provide suitable data
structures which keep the information about function and
content. These obtain re-use of requested information
whenever needed. Bidding Preparation Phase of CMPSI
was chosen to narrow the scope and to formalize a precise
structure in this context.

4.2 1S09001:2000 quality management system CPM pro-
cedures

To establish a concurrent management and control system
in terms of monitoring ongoing activities, there is a need
for a generic procedural model. This should include as-
sessment of current work activities which relies on per-
formance standards, rules and regulations for guiding
employee tasks and behaviors.

In order to support required aspects and to obtain a ge-
neric procedural model, ISO9001:2000 Quality Manage-
ment System (ISO-QMS) was examined in detail for



CPM purposes. To constitute a conceptual framework, the
envisaged CPM structure was basically modeled accord-
ing to interconnected procedures referencing ISO re-
quirements. Moreover, four main procedures as; (1) Gen-
eral System, (2) Human Resource and Administrative, (3)
Customer Relations, and (4) Project Management proce-
dures were formalized. Based on these, the sub-
procedures were developed to constitute supporting proc-
esses subsequently.

4.3 Integrated CPM processes

To represent all diverse parties interested in a process, the
flexibility and clarity of which allows generic activities to
be represented in a framework and which encompasses
standardization, there is a need for a conceptual structure.
Based on the implemented acquiescence in this research,
two inter-related process formalizations as (1) Organiza-
tional Management Process (OMP) and (2) IT Manage-
ment Processes (ITMP) were structured in ARIS-eEPC
model which helps greatly to design an interoperable so-
lution for the actual procurement system used.

4.3.1 Process life cycle model for OMP

To complete identified aspects, to develop integrated
CPM process patterns and to define a process formaliza-
tion structure, a Process Life Cycle Model was imple-
mented for OMP formalization purposes. CMPSI re-
quirements, ISO, Procurement Systems and Services were
brought together in this structure, thereby exposing an
integrated model which meets the envisaged interopera-
bility. The Figure 1 below illustrates the main idea.

processes were implemented. In our case ARIS-eEPC
model which enables holistic consideration of processes,
events, resources and organizational structures in their
interrelationship, was used to formalize process sequence.
The main process was defined according to ISO Quality
Management System’s bidding preparation process which
is identified under customer relations main procedure.
The supporting processes (six interrelated process) such
as job development, design coordination processes etc.
under project management main procedure were also de-
fined and used within bidding preparation structure. With
bringing together of procurement systems and integration
requirements for CAD, ERP and Scheduling Systems,
OMP was obtained. After implementation of work flow
(4) established processes were checked whether that they
are supporting generic integration comprising seamless
information flow by using IT systems. The formalized
resources consistencies were controlled and the mapping
structure was scrutinized in this regard. The processes,
resources and mapping structure were (5) evaluated in the
next phase. The required improvements were suggested
and they were designed and implemented again according
to these suggestions. The OMP schema based on eEPC is
given below in Figure 2.
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Figure 1. Process Life Cycle Model for OMP.
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4.3.2 Organizational management process

The Organizational Management Process composed of
interconnected processes (formalized in ARIS-eEPC
model), based on a developed Process Life Cycle Model,
was constructed to control whole process sequence.

According to Process Life Cycle Model, (1) initial analy-
sis of bidding preparation phase of CMPSI, related to
ISO-QMS procedures, organizational structures, pro-
curement systems, and required services were possessed.
This phase is fallowed by (2) a process design phase, dur-
ing which the overall process structure is engineered, the
resulting process model is designed, the resources exam-
ined and the mapping methodology is decided. This in-
cludes the modeling of organizational structures and ser-
vices integrations. In the third phase (3) the designed
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4.3.3 IT management processes

IT Management Processes (ITMP) are defined (using of
ARIS-eEPC model) in accordance with the CAD-ERP-
Scheduling Systems interoperability needs and derived
based on OMP. This includes the application sequence of
the involved IT tools, their relations to processes, per-
forming actors, input output and control information, and
their general systemic interrelations in the IT environ-
ment. To show different level of system integration, Bid-
ding Preparation Phase was organized in three subsequent
structures as; (1) IT Mng. Design Process, (2) IT Mng.
BOQ Process, (3) IT Mng. Scheduling Process.

4.4 Process mappings

In order to provide a generic concept which identifies
workflow participants, in terms of resources that can be
addressed by CPM processes, we identified a mapping



structure between CMPSI, OMP and ITMP. This helps us
to examine IFC views which are used to implement IFC
based management approach. The mappings between
three structures provide 1-1 mapping (pairing) formaliza-
tion. The CMPSI phase processes are used as main proc-
esses which are referenced by OMP processes as sub-
processes. Also CMPSI resources are referenced by OMP
resources as sub-resources. The same approach is used
within OMP and ITMP mappings, in this context.

5 IFC DATA EXCHANGE REQUIREMENTS

The IFC Object Model (IAI 2005) is essentially a project
data model addressing the major data exchange require-
ments in the highly fragmented construction industry. It
encompasses a large set of object definitions that individ-
ual end-user applications always implement only a subset
of the IFC totality. In order to support practical data ex-
changes, applications need to develop the same or (at
least overlapping) IFC subsets in order to obtain meaning-
ful product data exchange in AEC/FM environment. Such
subsets are called IFC Views or, more generally, Data
Exchange Use Cases. For practical use various such sub-
sets are currently being defined applying more or less
formal approaches (cf. ProIT 2004).

IFC mainly describes the outcome of engineering proc-
esses performed with the help of CAD and other special-
ized tools. This is essential input for CPM but it cannot be
readily integrated in the ARIS-eEPC model since IFC
data are defined in STEP/EXPRESS (ISO 10303) or as
instances of an XML Schema representation (cf. IAI
2005) which are both incompatible to ARIS. Therefore, to
enable interoperable use of IFC data in the General CPM
Model and the related CAD and CPM applications the
following procedure is applied: (1) The CPM processes
defined in ARIS are examined with regard to IFC Data
Exchange Use Cases that should be related to them. An
example for such a use case is the data exchange from
Architecture to Quantity Take-Off. (2) For each identified
use case the relevant IFC objects and their relevant rela-
tionships are determined. They are then associated to, the
relevant organizational entities, and the relevant resource
entities in the ARIS-eEPC model. In the first case these
will always be instances of IFC object classes, but in the
second case these can be individual objects, property sets
or whole model subsets. (3) Whenever model subsets
need to be applied, the IFC Views were defined with us-
ing of General Model Subset Definition Schema (GMSD)
developed at the TU Dresden which is used for the formal
specification of the subset content on class level. (4) Run-
time use of the IFC data is then provided via a specialized
GMSD client which enables proper extraction of the spe-
cifically needed IFC instances in each particular situation.
This is done interactively, whereas in the CPM model we
provide only some requirements and hints to the user.

5.1 IFC data exchange use cases

In order to examine IFC Data Exchange Use Cases, IT
Management Processes were established in 3 sub-
structures form as (1) IT Management Design Process
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(ITMDP), (2) IT Management BOQ Process (ITMBP)
and (3) IT Management Scheduling Process (ITMSP) as it
was envisaged. Each phase definition is mapping with
software compatibility. For example, ITMDP reflects
CAD-ERP information exchange for design and product
data integration, ITMBP supports information exchange
within CAD-ERP systems and exchange of BOQ infor-
mation within ERP Systems, and ITMSP obtains BOQ
and product data exchange within ERP-Scheduling Sys-
tems. Based on these formalizations, we constructed three
data exchange use cases as: (1) Data Exchange Use Case
for Product Catalogs, (2) Data exchange Use Case for
Architectural Design and (3) Data Exchange Use Case for
Exchange of BOQ. The Figure 3 below illustrates the
basic concept.
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sty oo
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Figure 3. IFC Data Exchange Use Cases.

According to implied model, common items which are
used for CAD-ERP and Scheduling Systems are based on
reliable external sources in terms of production units and
project material analysis. Generally bidding departments
can form these items from different sources such as firm
databank, production catalogs etc. Because of supporting
information exchange within different CPM phases,
Product Catalog information can be accepted as the mile-
stone of the envisaged model. To obtain reliable forms
also for architectural design and BOQ information ex-
change, the first data exchange use case was formalized
based on the exchange of Product Catalog information
with identifying a new type of ID formalization which can
be also used for cost data integration for IFC based data
exchange purposes.

Subsequently, quantity take-off data for cost calculations
were taken into consideration. In order to formalize data
exchanges between design to quantity take-off, Architec-
tural Design to Quantity Take-off Data exchange use case
was constituted.

Building product model which was produced by architec-
tural design that can be used for cost estimations are the
major inputs of the BOQ structure. According to informa-
tion derived from CAD and Product Catalogs in this
phase, BOQ can be structured within ERP systems. Al-
though BOQ information can be implemented according
to envisaged inputs, there is a need for to identify the
relevant items, in order to specify general level exchange
of BOQ information. In this case data exchange use case
for BOQ information was formalized. The envisaged
structure was designed to be also used for planning and
controlling activities.



5.1.1 IFC objects

In order to identify the basic contents of the IFC product
model, the minimum components have to be clarified
precisely. The minimum product model should contain
the product objects and its attribute values. To support
minimum requirements, all the needed attribute values
and possible relationships have to be modeled.

In this context, Product Catalog, Architectural Design and
BOQ information which can be compatible with IFC
model were searched. In order to formalize IFC objects,
the central information elements were structured within
Data Exchange Use Cases. This approach was developed
based on the requirement analysis, and the process re-
sources which were determined within IT Management
Process structures (based on ARIS-eEPC Model). Figure
4 below illustrates the principal idea.
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Figure 4. Schematic presentation of the association of IFC data
to the CPM Model.

The mappings between the central information elements
and IFC Classes were then structured subsequently. The
Table 1 below shows mappings for Product Catalog’s
central information elements and IFC classes.

Tablel. The Mapping for Product Catalog Cent. Info. Elem. into
IFC Classes (Partial Sch.).

Product Catalog Central
Information Elements

TIFC Class

Product/Elements
* Production Units * IfcBuildingElementType/....

* IfcDistributionElementType/...

* IfcElementComponentType/...
* IfcFurnishingElementType/...

Assembled Products

* Production Units
* Material Analyses

* IfcBuildingElement

* IfcDistributionElement
* IfcElementComponent
* IfcFurnishingElement
* IfcRelAggregates

5.1.2 IFC views

We used different parts of the IFC product data model as
IFC Views. An IFC View is grouping of an IFC product
data model subset so that one IFC View describes object’s
such as building element’ s objects, certain specific char-
acteristics or bundled properties (ProlT 2005). The IFC
Views which are needed for the implementation of the
Data Exchange Use Cases were structured with using of
GMSD for the formal specification of the subset content
on class level. Runtime use of the IFC data was then pro-
vided via a specialized GMSD client which enables
proper extraction of the specifically needed IFC instances
in each particular situation.

Although there are initiatives can be seen to formalize
IFC Views in this case, the formalizations which support
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cost information exchange based on IFC were not consti-
tuted up to now. In our structure with the new definition
of Production Units and related IDs will be an answer to
this gap. The Table 2 below illustrates Production Catalog
information elements which are used for IFC Views.

Table 2. The IFC Views for Product Catalogs.

Information Element IFC Aspect

Product Catalog

Product Catalog Information:
* Identification (IDs)

* Production Units

* Material Analysis

* Classification

* Grouping

* Properties

* Cost items (Unit Prices)

6 SUGGESTED OPERATIONAL FRAMEWORK

From the operational point of view, interoperability
means the ability of the system components to work to-
gether in a coherent way for the solution of complex
tasks. In this sense, the operational framework has to be
structured and established according to a coherent process
and information exchange paradigm as shown in Figure 5
below. It is comprised of 4 clearly defined layers: (1) Ap-
plication Layer, (2) TSD Layer, (3) Management Process
Layer, and (4) WPA Layer.

6.1 Application layer

The purpose of this layer is to support different types of
project activities, performed with the help of CAD, ERP
and CPM programs. The main target is to combine the
construction site and project partners’ databases, thereby
allowing improved project/cost control, increased work
efficiency and fast response to changes within the con-
struction environment. The layer is structured and estab-
lished in accordance with the interoperable CAD-ERP-
CPM environment.

6.2 TSD layer

This layer consists of Transfer Module, System Database
and Data Exchange Module. The information that can be
obtained from the application layer is stored in the System
Database. This information should cover the identified
needed outcomes of the CAD, ERP and CPM programs.
The Transfer Module supports the data exchange between
the Application Layer and the System Database. Assum-
ing that IFC data can be exported by the involved applica-
tions, this can be done with the help of a general-purpose
API in a convenient format (using ISO 10303-21 files
and/or ifcXML). Information is transferred to the Data
Exchange Module which is the coordination module for
the below layers, ensuring synchronous and asynchronous
information flows in a standardized, regular way.
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Figure 5. Web-based integrated CPM solution.
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6.3 Management process layer

The Management Process Layer consists of 7 different
modules that can perform and be managed separately.
Five of them, namely the Measurement/BOQ Analysis
Module, the Drawing Module, the Report Module, the
CPM Planning Module, and the Budget and Cost Module
include and further process the data obtained from the
TSD layer. Additionally, a Live-Cam Module can be pro-
vided to track the execution on the jobsite, and an ISO
Module can be included for process support in accordance
to ISO Quality Management procedures. This module
would also allow to observe the approval process within
the partner organizations and within the applications.

6.4 WPA layer

The WPA Layer provides the facilities for (1) execution
of the management processes and the related applications
via the Internet, and (2) presentation of the obtained re-
sults to all stakeholders via a common Web Browser. The
process workflows can be carried out using a standard
based schema and on every step the information can be
checked and approved by the responsible persons who are
attained by the project organization.

7 CONCLUSIONS

In this paper, we outlined a novel CPM model based on a
logical conceptual schema starting with the specification
of management along a number of well-defined steps to-
wards the creation of an operational framework.

The major goals of the suggested approach are to enable
handling of various types of information coherently, in-
cluding product, process, and management data, and to
provide seamless information exchange between the ac-
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tors and tools in the process. To reach these goals we
have brought together state-of-the-art CAD-ERP-
Scheduling Systems interoperability concepts, a novel
formalization and integration approach for ISO9001 qual-
ity management procedures, advanced IFC-based integra-
tion issues, and an acknowledged holistic business proc-
ess modeling methodology (ARIS). Some clear benefits
of the integral treatment of all CPM aspects on the basis
of ARIS, ISO9001 and IFC were identified, especially
with regard to IFC penetration in practice. Currently IFC
use is still modest, mostly for CAD-based data exchange.
With the developed CPM model a contribution towards
its much broader use in ERP and Scheduling applications
in all life cycle phases of the virtual enterprise of a CPM
can be accomplished.
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PERCEIVED CUSTOMER VALUE IN CONSTRUCTION INFORMATION SERVICES
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ABSTRACT: The information needed to design, construct and manage a building is nowadays mainly produced, stored
and made available in digital form. Information is produced partly in the design process itself. Design and procurement
documents refer only to information produced elsewhere as external printed matter or databases (for example, describ-
ing building products).

An important channel for such external information is provided by specialized information service providers. In order
to meet competition from companies’ homepages, search machines, internet start-up companies etc, established info-
mediaries need to rethink their services as well as their business processes. A key issue is achieving a deep understand-
ing of how customers perceive the value of these services and products compared to those of new competition enabled
by the internet. A study of new business patterns and networks provides the empirical support for the concepts exam-
ined in this paper.

Traditionally, value is regarded as something inherent in the product; and which is handed over to the customer. More
recently, research argues that value cannot be pre-produced. Value is co-produced by the customer, partly as a result
of interactions between the customer and the supplier or the service provider. For services, value is, according to this
view, produced and consumed simultaneously. Using this theoretical framework as a basis, the conclusions of the study
are that it is not enough for construction infomediaries to produce just digitised versions of their traditional products,
e.g. printed standards, and product sheets. They also need to gain a thorough understanding of their customers' busi-
ness processes and, instead of producing products (or services), become facilitators of value creation for customers.

KEYWORDS: construction infomediaries, customer value, information service providers, product information.

1 INTRODUCTION tion value chain. Digitization in combination with the

emergence of the internet has changed the prerequisites
The use of ICT, and hence digital information, has be-  for their success in business, and created a need to pro-
come an inseparable part of everyday practice in construc-  duce more customer value in order to sustain their com-
tion. Where information has traditionally been handled petitiveness.

using various paper media such as drawings, schedules,  The research, of which parts are reported in this paper,
catalogues, brochures and other types of printed matter, it examines these new business patterns and networks for
is now produced, transferred and stored digitally. The  djgjtal information in the construction sector (taken in the
construction process now has to produce not only build-  proadest sense). It strives to provide new insights into
ings, but also information about them. Information needs  how the supply chain of general information should be
to be produced and exchanged better and more efficiently,  organised in the networked, internet age. The research
and the amount and accuracy of it has grown. Information  guestion is to identify and describe a basis for the design
is produced partly by the design process and is thus  of sustainable business strategies for infomediaries in the
unique for each building. Some consists of general infor-  gector. The need for infomediaries to adopt an e-business
mation produced outside particular projects and is noted  approach, and integrate into the construction value chain
in design and procurement documentation by references  hag been reported in an earlier paper (Finne 2003). Areas
to printed standards, guidelines etc. or to external data-  of the architect’s work where the use of ICT, in particular
bases. CAD, can be beneficial have been identified. Product
Much of this general information is provided by service = models, as a means for data storage, and the need for ex-
providers, for example, Rakennustieto in Finland, Svensk  ternal databases such as those provided by infomediaries,
Byggtjénst in Sweden and NBS Services in the UK. They  have been proposed as solutions for making ICT use more
are infomediaries, or information middlemen, as well as  efficient (Finne 1992, 1993). The architect’s work proc-
information producers, and they provide standards, gen-  esses have been examined further as an integral part of the
eral specifications, standard contract forms, product direc-  construction value chain via the use of a formal model
tories etc. for customers and stakeholders in the construc-  (Finne 2006). The last part of the study, described in this
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paper had, as its objective, establishing an understanding
of customer perceived value, such that it can aid infome-
diary managers in the construction value chain in their
pursuit of sustainable answers to the question of ‘how to
plan business strategies?’

This part of the study is on a conceptual level, relying on
an extensive literature study, where the theories put for-
ward in marketing and management science have been
viewed from a construction process perspective. The use
of services and the business model of one particular com-
pany, the Building Information Foundation, provide the
basis of the case. The company is representative of its
kind and a member of the two international organizations
of relevance: UICB and ICIS. It has a larger mix of ser-
vices than any other member of these organizations, and
most (if not all) services are represented. Results of the
theoretical work have influenced the company in develop-
ing and implementing new business strategies. Examples
of implementation are the customer database, renewal of
accounting and invoicing systems, an electronic book-
shop, product databases and servers for electronic pub-
lishing, and corresponding internet platforms. Develop-
ment work has been performed concurrently with the re-
search. Each has influenced the other; to this extent, the
approach can be regarded as an example of action re-
search.

2 ICT-INDUCED CHANGES FOR CONSTRUCTION
AND INFOMEDIARIES

In the days of what was then termed ’computing in con-
struction’, computer aided drafting® etc, many practitio-
ners were biased against the new technology and feared
many things, from losing jobs to losing control of the
ability to create good design and architecture. Still, there
were many areas where benefits could be achieved by this
new technology (Finne 1993). A number of benefits did
derive from the opportunity to send information electroni-
cally between the participants in the construction process,
and even combine it. This was referred to as integrated
design (Mitchell 1977). Quite soon after, it was realized
that there was more to the concept than a mere collabora-
tive production and exchange of paper documents, which
led to the concept of product models or building informa-
tion models' (BIM). It was evident that significant bene-
fits could be achieved in many areas by the use of com-
puters and computer programs (Gielingh, 1988, Bjork
1989, Turner 1989, Eastman 1999). The architects’ work
too, if divided into parts with different levels of need for
creative freedom and viewed separately, could benefit
significantly from computer use, in particular when com-
bined with a product model approach (Finne 1992, 1993).

Widespread use of computers also opened up opportuni-
ties for new digital information services such as the pio-
neering French Minitel service, which to some extent has
continued until today (Queré 1990, Wikipedia 2007). An-
other pre-internet online service was the Finnish Teleratas
building product information services, which was not

' A common model ideally carries all information needed
throughout the construction process.
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however commercially successful due in part to the lack
of a suitable delivery platform (Bjork 1994).

The emergence of the internet provided such a platform,
but it also changed the border conditions for infomediar-
ies. Finne (2003) has examined this aspect and related
developments among construction infomediaries. The
starting point for the analysis is transaction cost theory,
which helps us to understand how specialised information
brokers can add value. One way of adding value is for
infomediaries to employ a multi-tier architecture for their
information systems in order to meet new and varying
demands. This enables information to be provided in dif-
ferent combinations for different purposes throughout the
building life cycle and, thus, construction value chain.

The activities of infomediaries in a construction value
chain where information is digital, and the means by
which they produce and deliver value for their customers,
have been elaborated by Finne (2006). An important no-
tion is that the construction industry’s contribution to the
value chain is not only buildings but also (digital) infor-
mation. Finne analyzes, through the medium of a formal
graphical process model, parts of the construction value
chain relevant to the pursuit of customer value. The focus
of the model is not on the production of the physical
building, but on the production of information and of
product information in particular. The viewpoint is that of
the infomediary and is based on the case of a national
enterprise — the case company. The model is used to ex-
plore in detail how value is aggregated, delivered and
received. It compares the creation of product information
by manufacturers with that of infomediaries and proposes
transaction cost theory as a tool for the analysis. It also
identified many construction process activities where
value could be added by the infomediary. Thus, if value is
to be aggregated, delivered and received, the concept of
value, or customer perceived value, needs to be better
defined and understood.

3 THE CONCEPT OF CUSTOMER VALUE

Customer value is frequently referred to, but there is little
or no common agreement, or mutual understanding about
the concept (Woodruff 1997; Saliba & Fisher 2000;
Sweeney & Soutar 2001). In several definitions, per-
ceived value is described as a correlation between benefits
and costs (Sinha & DeSarbo 1998; Saliba & Fisher 2000;
Johnson & Weinstein 2004; Holbrook 2006). Saliba &
Fisher illustrate it using a formula with benefits as the
numerator and with costs, which they name sacrifices, as
the denominator. Sacrifices and benefits are subjective
measures of the customer. Value grows when the numera-
tor grows and/or the denominator becomes smaller:

_ Perceived Benefits

Perceived value

Perceived Sacrifices

Costs or sacrifices, i.e. things to be minimized, can con-
sist of, for example:

- exchange costs, which include transaction and trans-
portation costs and taxes — transaction costs include
time and effort to search out, negotiate and consum-
mate an exchange — and also out-of -pocket costs;



- start-up costs, i.e. costs to make the product opera-
tional or usable;
- post-purchase costs, i.e. costs to keep the product
working (Saliba & Fisher 2000); and
- non-monetary costs, e.g. time, energy and psychologi-
cal stress (Johnson & Weinstein 2004), time ex-
pended, time to receive the product and environmental
impact (Keeney 1999).
Descriptions of benefits, i.e. things that should be maxi-
mized, seem to fall into two categories. In one category,
value is mainly seen as something that has been created in
advance and embedded in the product by its manufacturer
(product attributes). In a second category, value is addi-
tionally perceived as something that emerges when a
product or service is consumed (use situations). It cannot
be produced in advance, and value to the customer de-
pends on how it enhances what the customer is intent on
doing. In this paper, a similar distinction has been made.
To be specific, section 3.1 looks at customer value as
something which resides in the product, while sections
3.2 and 3.3 follow what Woodruff (1997) defines as: ‘a
customer’s perceived preference for and evaluation of
those product attributes, attribute performances and con-
sequences arising from use that facilitate (or block)
achieving the customer’s goals and purposes in use situa-
tions’. In section 4, the consequences of the theory es-
poused in section 3 for construction information services
are discussed in the light of the case company and sister
companies in other countries.

3.1 Customer value inherent in the product

When value is considered as something inherent in the
product, it is often seen as a part of brand building or an-
other aspect of marketing. Value is thought of as some-
thing that can be produced and delivered as part of the
product and its attributes, being handed over to the cus-
tomer who pays a price for it. Research typically analyses
various dimensions of product or service attributes and
offers different sets of combinations as tools for value
providers.

Johnson & Weinstein (2004) describe value as something
that can be developed within a diamond shaped area
whose edges are the parameters of service, quality, image
and price, which is aptly termed an S-Q-I-P-approach. In
a related description containing a 19-item measure devel-
oped by Sweeney & Soutar (2001), the dimensions are
emotional, social, quality/performance and price/value for
money. Han & Han (2001) describe value as enhance-
ments by changing two components: the ‘content’ and the
‘context’, which can be broken down into: quality en-
hancement, cost reduction and customization. Keeney
(1999) mentions maximization of product quality, con-
venience, privacy, shopping enjoyment and safety. Other
attributes include quality and cost of logistical customer
service (Holcomb 1994) or their availability, timeliness
and consistency of delivery, ease of placing orders and
other elements of customer service (Langley & Holcomb
1992).

Product attributes can be both intrinsic and extrinsic and
include texture, quality, price, performance, service and
brand name (Sinha & DeSarbo 1998). Intrinsic and ex-
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trinsic can be defined using the typology in table 1 (Hol-
brook 2006):
Table 1. Extrinsic and intrinsic product attributes.

Extrinsic Intrinsic

Self-oriented Economic value Hedonic value

Other-oriented

Social value Altruistic value

Another framework for value creation is the ‘value fun-
nel’, where value is analyzed and maximized on four in-
terdependent levels: global business community, market,
organization and customers. The model represents a
downward flow, with each lower level a part of the level
above. The framework describes the macro issues sellers
must deal with when determining customer value (John-
son & Weinstein 2004; Pohlman et al. 2000).

Relatively few researchers deal directly with customer
value in construction. Wilson et al. (2001) list several
values perceived by customers of corporate real estate
organisations. Elements of time, cost and quality are re-
peatedly mentioned. Others, which are important to cus-
tomers, are concerned with flexibility, ease of doing busi-
ness, management of risk etc. Underwood et al. (2000)
have reported an example of enhancing the construction
value chain using a specification system making it possi-
ble to specify design elements using a web-based product
library. The system could be regarded as adding value to
either the specification system or the product library, de-
pending on which way it is regarded.

Berry (2001) discussed the total customer experience,
which he divides into five pillars:

1.solve your customers’ problems;

2.treat your customers with respect;

3.connect with your customers’ emotions;

4.set the fairest (not the lowest) prices; and

5.save your customers’ time.

According to Berry, it is imperative to appreciate that
value is the total customer experience and to move away
from merely thinking that value equals price. Common
for these dimensions of value is that they focus on what
the product (or service) provider does, not what the cus-
tomer does.

3.2 Customer value in a service perspective

The research described in this section argues that cus-
tomer value cannot be pre-produced. It treats value as
something co-produced by the customer throughout the
relationship, partly in interactions between the customer
and the supplier or the service provider. When it comes to
services, value is produced and consumed simultaneously.
Products (or services) can only be facilitators of value.

Value generation processes are embedded in what the
customers do in their everyday lives. Business customers
create value when they produce and deliver products to
their customers. Consumers and customers use the inputs
the sellers provide in their own value-generating proc-
esses. Value springs out of use of the inputs of sellers to
realize more revenue or decrease costs (time, money, in-
convenience and frustration). This also implies that all
firms are, in fact, service firms. The mission of the seller
thus becomes to support the buyer’s value creation proc-



esses. This means that the seller must gain a thorough
understanding of the customer’s value generating proc-
esses and the customer’s goals: he or she should deter-
mine how to improve those processes by his or her activi-
ties (Gronroos 2000). The customer value approach does
not focus on the product that a customer purchases, but on
the outcome he or she seeks and value derives from the
ability to achieve the customer’s goals (Saliba & Fisher
2000, Goodstein & Butz 1998).

Customer value might manifest in different ways, but they
link together in a customer’s evaluation process. The es-
sence of customer value can be captured in a ‘hierarchy
model’” (Woodruff 1997). One of the most important con-
sequences of the hierarchy model is that it extends the
concept of customer value beyond mere attribute-based
buying criteria. The product or service possesses value
only to the degree that these consequences are aligned
with a customer’s goals and needs (Woodruff & Gardial
1996).

According to Kano’s theory of attractive quality (2001),
success cannot be gained only by listening to what cus-
tomers say. What needs to be gained is a deeper under-
standing of the customers’ latent needs. He has described
the factors that influence customer purchase decisions as a
model with three main factors: basic (must-be), perform-
ance (more is better or one-dimensional) and delight (ex-
citement or attractive). Additional factors are ‘indifferent’
and ‘reverse’, but these add relatively little to this context.
The basic factor must be met; otherwise the customer will
react with disappointment or disgust. If all basic factors
are met, the customer reaction is neutral.

The performance factor is best defined by negation, since
absence is likely to lead to disappointment. Performance
factors can be identified by market surveys and it is im-
portant that any deficiency is quickly identified and reme-
died. The delight factor is something the customer does
not expect and which therefore cannot be identified by
market surveys: presence leads to delight. In time, per-
formance and delight factors tend to become basic, as
customer expectations grow (Wood 2004, Mello 2001). If
products regularly meet or exceed the customer’s expecta-
tions, especially as compared to the competition, an emo-
tional bond emerges (Butz & Goodstein 1996).

3.3 Consequences of adopting a service perspective

Adopting a service perspective has far-reaching implica-
tions on the strategy as well as the organization of the
firm or company (Crosby et al. 2002, Gronroos 2000).
When companies strive to make it easier for customers to
get the benefits they seek, their focus extends from the
product and its attributes to the use of the product. They
need to interact with their customers and even gain influ-
ence over customer behaviour in order to reduce risk in
purchase and ownership (Vandenbosch & Dawar 2002).
The focus of management of risk (and potential for value
creation) needs to be taken forward from research and
development, manufacturing and distribution to use and
post-use handling. This new logic demands that the sup-
plier, or co-producer, learns more about how customers’
value creation processes work. Where focus used to be on
simple buy and sell transactions, it is now on relationships
with clients and on helping them in their value creation.
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This means that a new value creating system is estab-
lished where ’offerings now take part in the customer’s
value creation process delivering performance to the cli-
ent. When focus shifts from products to services, focus
on risk management and, thus, value creation shifts too. It
moves away from risk management of natural systems
and manufacturing processes to the users’ value creating
processes and to human systems (Ullberg et al. 2002).

Common tools for management of natural systems and
manufacturing processes, including risk, are customer
surveys and total quality management (TQM). Much of
this is also what Kano’s levels basic and performance are
about. This is often referred to as a customer value para-
digm. To manage the users’ value creating processes and
human systems demands additional tools and the means
for adopting a customer value paradigm (Saliba & Fisher
2000) or including a customer value orientation into the
customer orientation dimension of TQM (Dickey 2001,
Flaherty et al. 1999). The potential in striving for cus-
tomer value lies in the notion that organizational perform-
ance does not correlate highly with customer satisfaction.
Customers might say that they are satisfied, but they
might buy elsewhere (Woodruff 1997). This does not
mean that customer satisfaction as a paradigm should be
abandoned. It is simply insufficient and it should be com-
plemented by the concepts of customer value (Eggert &
Ulaga 2002).

Failure in product definition is due to insufficient cus-
tomer understanding. Often, the solution is in-depth cus-
tomer team interviews, sometimes repeated, using open-
ended questions (Mello 2001). Questions need to be taken
beyond talk about typical customer satisfaction issues to
questions that develop a broader understanding of cus-
tomers and what is important to them (Wilson et al. 2001;
Salz 2001). Questions of the following form need to be
raised (Salz 2001): “what helps you to be successful?”,
“what makes a great day for you”, and “what keeps you
awake at night?” or, as Woodruff (1997) has suggested:
what do target customers value? Of all the value dimen-
sions that target customers want, which are the most im-
portant? How well (poorly) are we doing in delivering the
value that target customers want? Why are we doing
poorly (well) on important value dimensions? What are
target customers likely to value in the future? Data which
needs to be learnt about the customer’s determination
process include macro-environmental data, customer
complaint data, competitors’ offer data, customer visits’
data, salespersons’ call reports’ data, customer targeting
data and customer value determination data.

In the digital business environment, companies need to
look beyond the traditional market space and migrate to
an experience space for co-production of value where
they can act as nodes and pull together consumer commu-
nities, partners and suppliers into an experience environ-
ment, which actively involves consumers, as individuals
and as communities. In this situation, key building blocks
are dialogue, access, risk assessment and transparency,
even if the specific questions that customers have will
vary. The intention is not to provide a product per se. In-
stead, the goal is to enable co-creation of value where
companies, customers and their networks all take part in
the creation of value. The idea is that individual custom-
ers are able to co-construct their own consumption ex-



periences through personalized interaction. Products and
services are means to that end. Customers can be seen as
a source of competence. From this perspective, four es-
sential responses arise:
1.customers need to be engaged in an active, explicit
and ongoing dialogue;
2.communitie