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Abstract. We review the transition now being undertaken from 2D
drafting to 3D parametric modeling and the development of Building
Information Modeling (BIM). We examine the functionality of BIM
platforms, using an example from precast concrete structures. We
formulate the development of parametric modeling of building systems
from the context of SFB modeling and characterize most parametric
modeling as function-form mapping, with optional behavior-driven
detailing. We examine the implications of this kind of technology for
future building software development and the future delivery of design
expertisein building.

1. Introduction

After twenty years of using 2D drafting systems, architects and other parties
in the building industry appear to be making a move to production-oriented
3D parametric modeling. While it is still impractical to use 3D modeling for
generating contract-level information for more than small-scale projects,
there are serious efforts to make 3D modeling of buildings at construction
levels of detail a practicality for al scales of building. This goes far beyond
the post facto rendering of a design, or the development of a building model
as a contract deliverable, after the building has been designed. It involves a
revolutionary change in how designs are generated, how the information
about a building is represented and how that information is later used in
building operations. This step is partly the simple maturation of the industry,
ready to take “the next step”. The recognition that magor building
productivity improvements require machine readable design data (see
various articles in Automation in Construction, 1992-), such as that needed
for design automation and fabrication based on numerical control, and that
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3D modeling allows generation of new of architectural forms (Gehry et a,
2003), have also offered motivation to make this unparalleled step. At the
same time, the maturation of parametric modeling in mechanical design and
advances in hardware have created an opportunity to adapt this technology
(with mgjor changes) to building. The major CAD companies seem willing
to invest in the education of the industry, as well as development of the
technology necessary for this to be achieved. Needing an acronym to go
with this change of technology, the name Building Information Modeling
(BIM) has become accepted, and we use that term aso. Throughout this
paper, we will be talking in terms of the building industry. The impact of
these changes must be broader than to architecture alone, in that they affect
al roles within construction; architects, engineers, contractors,
subcontractors and fabricators, real estate developers and building owners
and operators (1Al, 2003).

The transition to 3D modeling was first proposed in the 1970s (Eastman,
1975) and will take a generation from now to realize, because of the massive
changes in practices required. During that time, many technical issues will
have to be resolved. This paper outlines several of the needs and
opportunities to achieve this transition. It also places this transition to
parametric modeling within the context of design theory, providing a
framework for the research issues needing to be resolved.

2. Building Information Modeling

To provide a comprehensive solution, Building Information Modeling must
eventually address the full building lifecycle: feasibility planning, design,
engineering, construction coordination, shop-level fabrication,
commissioning, facility management and operation. People disagree about
whether a single integrated model or multiple federated models will be
generated in response to the different responsibilities within an overall
building project lifecycle. We believe this is a business issue that will be
resolved in varied ways, within the contracts and agreements for specific
projects. A hospital that is being continuously remodeled will require one
level of integration, a housing project another. Also, the issue of whether an
as-built archival building model is generated is a different issue from the
different BIM modeling tools used during design and construction. There
are many different facetsto the overal realization of BIM.

Here, we focus on the need of many specialist domains to develop their
own BIM tools. We do not expect (or desire) that a monopoly for BIM
platform development arise. Rather we expect specialized application tools
to be developed on a variety of platforms. Other BIM software will be
required to coordinate between the separate models, for example by the
contractor coordinating the models of subcontractors, addressing what today
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is the coordination among shop drawings. We expect to see different BIM

tools responding to these different building construction purposes.

Here, we focus on BIM platforms for the development of domain-
specific applications. We outlined some requirements for such platforms
elsewhere (Sacks et a., 2003). Here we articul ate them further:

1. strong geometric modeling capabilities, so as to alow full modeling of
al building parts, at varied levels of detail. Most construction materials
are linear extruded elements or sheet materials (sometimes folded).
Building shapes are defined parametrically in terms of these base shapes
(sometimes cambered, twisted or spiraled). 2D materials such as paint
and other surface treatments applied to 3D surfaces must also be
represented. A broad range of geometric modeling capabilities is
required;

2. the geometric modeling capabilities must be parametric, supporting both
automatic layout and updating according to design rules. Large
assemblies of elements must be easily edited, allowing intelligent
updating and low-level automatic re-design when the context of the
building components changes. Parametric modeling has been shown to
be necessary, if the design of construction-level models of buildings is
to become practical;

3. carefully defined domain-specific semantics (e.g., objects, attributes and
identification tags), capturing the classification and functiond
properties of building components. The information carried in these
components must in some cases be parametrically defined, related to
geometric or other properties that are updated automatically. Semantics
also require a large overlapping set of groupings of components by
properties, for costing, ordering, delivery, erection and so forth.

4. reliance on a single integrated model, allowing all data and relations to
be carried in  an associative structure, facilitating consistency and
integrity management over all data;

5. automatic report generation from the building model, alowing all
drawings, specifications, NC and other production information, bills of
material and other reports to be consistently generated from the
integrated building model; automatic version management of reports
should allow tracking of obsolete drawings and reports and re-issue of
updated ones,

6. easy import of design model data, allowing sharing and extension of new
design materials, construction methods and parts as they are identified
as needed;

7. easy export of subsets of design data in a variety of formats for use in
downstream activities, such as engineering, contracting, piece
fabrication, and erection;
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8. extensihility, to allow the above capabilities to be easily applied to new
classes of design objects and assemblies, easily defined by a designer;
no design tool can be closed to new forms, materials or methods of
construction;

9. scalability, supporting interactive parametric design of 10° to 10" objects
on current standard hardware; architects and other designers regularly
take design actions affecting large numbers of parametrically related
objects.

10. concurrent access and management: only a small project can be
designed by one person in a practical timeframe. However, large
parametric structures require single-person access to large portions of
the building data, to alow parametric updating. Thus elaborated forms
of concurrency control are needed to allow teams of designers to work
on what functionally is a single large parametric structure.

We list these capabilities as requirements for a BIM system because we
cannot see such a system being widely adopted until these capabilities are
provided. Currently, no system has effectively realized al of these
requirements, though they are being worked on intensely. Some of the
requirements are likely to be implemented poorly in the current generation
of CAD development efforts. Early adopters are needed to begin using these
systems and sort out their limitations before the full functionality exists, so
that more mature systems will eventually be devel oped.

This conference and its theme offer a good setting to reflect on these
objectives and to explore some of their implications for future research.

3. Design Automation

A medium-sized building includes more than one millions parts, at
construction level of detail. No human can use only interactive computer
methods to define and lay out a million individual pieces effectively and
correctly in a 3D construction level building model. He or she certainly
cannot design using such tools. The time required would be prohibitive and
too many layout errors would occur during revisions. Thus automatic shape
layout and updating is absolutely required for effective design. We have
seen simple versions of this for years: wall editing systems such as those in
Triforma® and Architectural Desktop®, (first developed at Carnegie-Mellon
in Yacov Yasky's thesis (1980)), piping layout systems that can estimate
threaded lengths needed for connections, etc.

The challenge in front of the software companies developing systems for
BIM is to provide effective automatic layout and editing tools for all of
building system types. Each building system needs to support its own layout
and updating behavior, be intuitive and effective to use. Examples of such
capabilities are those for steel detailing, such as Xsteel® and SDS/2° and for
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piping layout and detailing (multiple products are offered by Autodesk,
Bentley, CATIA, PTS and others See: (Piping, 2003)). The interactions
between systems also need to be addressed automatically. This includes
automated routing and subtraction operations to avoid spatial conflicts
(pass-throughs for piping, re-routing for electrical) based on precedence
ordering to determine which system is to be modified (for an early example,
see Gross, 1994). It aso includes automatic capture of loads, including
structural, plumbing and electrical loads, to make sure that needed system
interactions are identified and resolved. A theory of parametric modeling for
buildings is needed to provide the appropriate abstractions to alow
developers to easily design software systems for these building systems (an
example in mechanical design is partially framed by Shah and Mantyla,
(1995)).

The development of these capabilities will occupy the CAD system
developers for the next 3-5 years, just to cover the different building
systems and their varied behavior with first generation capabilities. We are
al used to such tools as Visio® and their friendly layout and editing
capabilities. What we will see emerge are similar tools that dea with
automatic 3D layout, routing and revisions, based on much more
complicated, user-controllable rules.

4. Parametric Behavior of Precast Concrete Systems

The authors have recently been involved in the definition of such systems.
They advised an industry-based technical group, the Precast Concrete
Software Consortium (PCSC), in the development of product specifications
for a parametric modeling system for precast concrete design, engineering
and fabrication (Eastman et al, 2003a; Eastman et al, 2003b). The detailed
level specification was developed jointly with the competitively selected
software developer, Tekla Corporation, and is now being embedded into the
Xengineer product being beta-tested in incremental quarterly releases. This
system will include parametric updating behavior for such systems as:

- column, beam and floor-spanning systems;

- dstairwells;

- architectural facades;

- connections across all combinations of piece types;

- rebar mesh and prestress cable layout;

- all embeds, such as connection plates, bars, and pins;

- gpecia surface treatments, joints, and other detailing.

The automated design behavior is achieved by embedding expertise
regarding precast concrete design on top of generic system-level parametric
modeling capabilities for buildings. We have found that the parametric
modeling capahilities needed for buildings have important distinctions from
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those required for mechanical applications (see Sacks, et a. 2003). Editing
behavior of these elements had to respond to structural, aesthetic, precast
good practices, building code and other criteria. A goal behind the
development of these capabilities was to be able to completely design,
engineer and plan production for a simple al-precast structure, such as a
parking garage, in less than a week. Currently it takes several months. (It
will be interesting to see if the specified tool achieves this goal.) Automated
design is an integral aspect of thistool.

In order to examine the structure of the expert knowledge we embedded
in the design package, we take one area and look at it in depth.

4.1 FLOOR SPANNING SYSTEMS

Most floor spanning systems in precast concrete are single-direction load
transfer systems made of semi-standard components. They are semi-standard
in that they are extruded pieces fabricated in standard molds, but they can be
customized at their ends and sides by blocking out volumes of concrete,
their depth and flange height can also be adjusted in this way. They require
custom engineering depending upon the geometry of each piece, its span,
loading and its connections. The spanning system interacts with the
structural frame that receives its|oads.
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Figure 1: the hierarchy of updating for a floor assembly system

Changes are propagated through a unidirectional hierarchy of parametric
relationships. The hierarchy for layout and updating that drives the layout of
afloor assembly is shown in Figure 1. We walk through each of the steps.
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Figure 2: control planes and vertices for layout of a floor system

Figure 2 shows two examples of how support lines, controlled by their
end vertices, can be located using parametrical relations. The vertices to the
left of the figure are related to the control planes. The vertices to the right
are related to the columns (the columns themselves may be positioned in
turn in relation to control planes). The vertices are al located on or offset
from a horizontal control plane.
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The direction of floor panels — here assumed to be double-tees or
hollowcore slabs, and their starting placement —is given by a centerline line,
as shown in Figure 3. In this case, the widths of floor panels are adjusted to
a constant dimension; the edges are trimmed to the spanned area boundary.
While Figure 3 is an example of a single span, multiple spans are also
supported, usually with separate pieces for each span. Cantilevered layouts
can be defined by projecting the spanning area beyond the support lines.

For the application of these capabilities, the user first selects beam
sections for the end supports and the floor spanning elements from an
existing library, or creates new project-specific elements. Then he or she
uses the above parametric tools to quickly generate a design layout. Later, as
grid, control lines or parameters change, the floor system elements will be
automatically uryate_d_.

(T

Figure 4: A haunch style of connection between a column and beam.

Connections are then placed. The default case is at the end of members.
Cantilevers and other specia cases are currently defined interactively. The
connections are defined at two levels, the first level identifies the
topologica relation between connected elements. This is automatically
followed by assignment of a specific parametric connection. Connections
are predefined into a large set defined by the primary and secondary
members being connected, then a connection type, then the parametric detail
itself. Each parametric connection detail has been defined to adjust to the
dimensions and orientation of the members it connects, and includes the
subtractive trimming and the addition of shapes applied to the two pieces.
The connection also includes al the embedded parts needed for fabrication.
It also adds the installation hardware required for erection. An example is
shown in Figure 4.

The layout of such floor spanning systems is usualy not completely
planar. Because of prestressing, a spanning member takes two different
forms. In its as-cast form, the member centerline is usually straight
(occasionally cambered shapes are cast too). After fabrication and
prestressing, the member is cambered because of the eccentric loads from
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the prestressing, as shown in Figure 5(a). Its final as-fabricated shape must
be defined and represented in uncambered form, which often is not
eliminated even when its dead and live loads are applied. Placement of
connections and other detailing must be =itictad far tha dafarmad chang,
Analysis applications compute camber; T f

@) (b)

Figure 5: Cambering and warping of precast structural teesin a floor spanning
assembly.

In addition, post-cast warping is often purposely applied to each member
so they can rest on a support beam that has one corner lower than the other,
in response to transitions with ramps in parking garages or to provide
drainage. The angular degree of warping is limited to a few degrees (varied
limits are used by different companies) and is applied as the members are
set in place. The desired design behavior is defined by the slope of the
supporting member or surface. A diagrammatic example in shown in Figure
5(b).

Figure 6: Reinforcing of a column and beam.

After the beams and floor elements have been laid out, reinforcing is
applied. It is defined as a pattern, with a given number of bars in a
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prescribed pattern, all defined parametrically. Multiple spacing within a
beam and other aspects of current practice are set up for parametric control.
An example layout is shown in Figure 6. In the base case, the user assigns
the parameters, in response to externally calculated lateral and vertical load
conditions, determined by codes and safety factors.

The program is designed to support interfacing with an open set of
externa structural applications that cal culate the resulting reactions from the
vertical and lateral loads. These are then automatically fed back into the
geometric layout operations. Assuming the initial beam and floor sections
are adequate to receive them, the connections are assigned or re-assigned,
and the parameters selecting the reinforcing layout pattern and sizes are
assigned. One application for doing the structural analysis has already been
integrated.
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Figure 7: Definition of toppings for drainage of precast decks.

The last step in Figure 1 involves resolving possible spatial conflicts
arising from the layout of embedded parts and the reinforcing, and the
paralel layout of the reinforcing in the members themselves. (These two
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operations may be done in either order.) We are investigating how they may
be addressed automatically; currently, thisis an interactive routine.

Floor spanning systems also sometimes require water run-off, requiring
additional material to form sloped surfaces. The material must be defined,
either for placement as part of the precast production, or as post-erection
toppings (called ‘washes'). In either case, the weight of the topping must be
considered. Toppings are defined with two or more perimeters, with heights
above floor designated for points on the polygons, as shown in Figure 7.
Sometimes a “step-down” is required in the precast concrete piece to
provide an edge that will not flake.

All the layout operations generate full 3D shapes, sometimes subtracting
from existing shapes, other times adding, supporting volumetric and other
spatial properties, and spatial conflict testing. From such layouts, assembly
and piece drawings can be semi-automatically generated. Company-specific
drawing templates define which dimensions and annotations are to be
provided. Clean-up of the placement of dimensions and annotations is
usually still required. Bills of material are fully automated.

The capabilities for floor systems described above allow quick
generation of geometric and topological design candidates and their
automatic detailing. The process of layout and regeneration generaly
follows the process sequence carried out in manual practice, but with each
step partialy or fully automated, with strong links between them.

The floor spanning system and its design behavior is only one example
of over twenty areas of specification now defined in detail for the first
production release of the Tekla precast software. This example and others
like it suggest how all building-systems need to be configured in the next
generation of BIM.

5. Implicationsfor Design Theory

Such capabilities as these will have to be carefully defined and replicated
many times to cover the full domain of building design. Similar efforts are
required to address different building systems and also to address special
user systems involving special technologies — airports, hospitals,
laboratories — that also require special equipment, analyses, and design
rules. The criteria will need to be developed by domain experts, either
through consortia of future users, as developed here, or other means.

In related work, we have identified some of the software system features
and capabilities we believe are required to realize such systems (Sacks, et al,
2003). We have also explored the fact that such systems embed expertise
and design knowledge, identifying how such knowledge can be elicited from
domain experts (Lee et a., 2003). Here, we are interested in the theoretical
basis for these efforts. What kind of knowledge are such systems
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addressing? How will such parametric design tools integrate with other
kinds of knowledge-based systems? What is the relation of these systems to
our understanding of design?

5.1 INTEGRATING FUNCTION, STRUCTURE AND BEHAVIOR MODELING

In design theory, it has been recognized that engineering design involves at
least three kinds of information: regarding the specific functions or purposes
of the design, the detailed behaviors required to achieve those functions, and
the different forms or structures that support the functions. This line of
study, called SFB (or SBF, FSB, FFB, or similar mnemonic), has been
studied in the artificial intelligence and engineering design literatures for
more than ten years (Chandrasekaran and Josephson, 2000; Goel, 1992;
Gero, et al, 1991; Bobrow, 1984). The structure of a design is the geometry
and material properties carried in CAD systems. The functions are the
human-assigned purposes of the design, both globally and at the detailed
level, and also the naturaly or environmentally determined functions to
which the design must respond. Behaviors are the performance properties
that the design is predicted to display in response to its designated functions
and in response to external or internally defined |oads and conditions.

The goal of thiswork isto alow computer tools to embed more powerful
semantic or reasoning capabilities about designs and to develop richer
design representations. SFB modeling research has attempted to
operationalize design reasoning processes, mostly along expert system lines
(Goel, 1992). Thus a function has interfaces, ports, or connections with
other functions. Each of these connections has a property that they transfer
or exchange. Thus a bell or buzzer, a switch and a power supply are
structures that provide the function of letting a person at some distance
know that there is someone at the switch location (see Chandrasekaran and
Josephson, 2000) for a detailed description). Here, the measures of the
power supply, the loudness of sound, the speed or other properties of the
switch, are the behavior properties derived from the structure's designated
function.

5.1.1 SFB Modeling of Buildings

Buildings are objects that have a complex set of functions involving
safety, support for their particular use, durability, occupancy comfort,
material and utility resource utilization, and reflect stylistic and cultura
criteria, among possibly many others. The articulation of these different
functions has evolved over human history, roughly in paralel with the
articulation of means to address them.

Many of these functions are responded to in a building design (and in a
building) by systems. In fact the building systems exist in associative
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response to the functions they have been designed to serve. We have
structural systems, lighting systems, heating, ventilation and air conditions
(HVAC) systems, plumbing, communication and fire safety systems, among
others, in response to specific functions of abuilding.

Each of these systems has an associated set of parts from which they are
typically composed, and an associated range of detailed functions that the
parts serve to redlize the overal function. Structural systems are served by
steel, cast-in-place concrete, precast concrete, and sometimes heavy timber
materials, that are composed into frames, bearing walls, horizontal decks,
trusses and space frames, made up of members, joints, reinforcing, etc. In
structures courses, architects and engineers learn the vertical, latera, static
and dynamic behaviors of the systems, the analytical models that are known
to predict them, and the physical properties that are required in order to
address them. Thus in education, they learn these functions, the systems to
resolve them, and the first principles on which the systems are based. They
gain this knowledge al together as a large unit of information, to varying
degrees of competence. Thus structures and building technologies courses
are courses on functions and systems. Other courses dea with other
functions and systems.

Most of the intellectual development of systems has migrated from
architecture to different areas of engineering, as the relation between
specific functions and the behavior of structures that respond to them has
become understood and made predictable. Some systems, such as pedestrian
circulation systems, food preparation systems in restaurants, and other
systems that involve significant human and organizational components,
however, are still the province of architects.

It is difficult to rethink from first principles aternative structures that
respond to a function. It occurs only rarely in architectural practice (more
frequently in structural practice). In almost al cases, we select from the
range of existing systems available to respond to a function. For a well-
developed system, design consists of element selection, sizing and
composition. Almost al of architecture and building design is of this type of
activity, even though it is not taught in this manner.

The mapping from function to behavior is a well-developed area of
design research (Gotti and Sriram, 1996; Clayton et al, 1999). Parametric
CAD systems provide a significant advance because they provide powerful
ways to encode the mapping of functionally defined systems into specific
form responses within them. They also optionally support behavior-driven
design. The examples in the front of this paper are of this kind. They allow
the abstract definition of the relevant components making up a building
system, their relevant dimensional, topological, and behavioral properties,
and the layout and sizing of components to achieve specified behavior.



CEASTMAN, R. SACKS, G. LEE

Notice that the interactive behavior discussed in earlier sections — what
we called design behavior —is not included in the SFB classification. Rather
design behavior addresses how to maintain certain structural relations
among components. SFB describes static or state information about a
design, while design behavior deals with procedural information.

In the example precast concrete floor spanning system object, the floor
spanning components are laid out to span between two end members. Each
end member is similarly defined to span between other structural members.
Transfer between the floor elements and the end members, and between the
end members and their supporting elements, are defined by connections.
The layout and updating mechanisms attempt to maintain the topological
relations necessary (but not sufficient) for their structural function; i.e. the
purpose of the embedded design behavior is to maintain the integrity of the
system structure, in such a way that after any change, it will still be able to
fulfill its system function.

Of course, the floor spanning system does not guarantee that the system
is structurally stable (stable under structural loading), only that it is
satisfactory topologicaly. More detailed member sizing and property
criteria must be applied: strength of concrete, deck thickness, deck
reinforcing, steel area and eccentricity, strength of steel, etc. These are
derived from loads and the structural analysis and the results are fed back
into the process to assign these properties.

5.1.2 Externalities

The toppings definition and layout is interesting (and was included)
because it deals with an issue quite separate from the structural function. It
responds to the externally imposed function that rain and other water not
accumulate on the exposed roughly horizontal surfaces of a building.
Typicaly, this function is only partially resolved by the precast system.
First, drainage of the floor spanning surfaces is a function relevant to all
surfaces that are exposed to rain or other water sources. These surfaces are
not automatically defined in the current application. Thus a user must
identify where the topping layouts are to be applied.

The drainage of rainwater from the lateral surfaces must run toward
some drain or gutter that typically is part of the plumbing system, and the
responsibility of a different system and contractor. The Tekla application
does support the definition of external systems, so as to alow interactive
checking of spatial conflicts with these systems, for example. Though not
yet developed, it is also possible to check that such drainage capability is
provided in all low areas where toppings are applied, as another kind of
design check for the precast concrete system.

In general, most building systems interact with each other in only limited
and defined ways. Spatial interaction is the most common. In this example,
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the step-down for the topping to maintain minimal thickness of this later
pour removes material from the spanning pieces. Sometimes, this may
interfere with embedded objects. However, since it is replaced with
additional concrete, it does not negatively affect the required coverage of
reinforcing. The other kind of interaction is the additional structural load the
topping imposes and is dealt with explicitly in the dead load calculation
process.

5.1.3 Abstract Functional Objects

Like any system, the floor spanning system is made up of a number of
separate object classes, each with their own associated detailed design
behavior. The floor decking, the lateral beams or walls collecting the load
transfers, the connections between them, the vertical members that pick up
the loads from the lateral beams, the connections between any beams and
columns, are dl parts of this system. Each of these parts has aload transfer
function between the loads they accept and those they transfer, defining its
structural topological path. Associated with each of these partsisan analysis
method for defining the section properties and bearing surface areas
required for the loads it is mandated (by codes) to be able to carry,
according to a functional behavior (the B in SFB). The analysis method may
be manually executed or automated.

The floor spanning system, like al systems, provides a specific mapping
from function to form. A two-way spanning system, such as a cast waffle
deck or a space frame, is a dlightly different system, with different structural
topologica paths. They require slightly different analysis methods.

With the built-in specification of these capabilities, any part may be re-
shaped, the relations applied to connecting objects can be re-defined, and
the system and design behavior will still work. That is, within each of the
object parts is an abstract definition of the system’s functiona behavior. In
earlier work, we called this an abstract functional object (AFO) (Sacks et a,
2003). AFOs provide wide flexibility in the design of components making
up asystem.

In the earlier work, we proposed that AFOs make such system design
open-ended. Upon reflection, however, it is apparent that the overall system
definition, that associates the design behavior and functional behavior of
each physical part, limits the range of parts it can accept within its system
definition. The limitation places in context the strengths and limitations of
parametric modeling. It supports the parametric modeling of building (and
other types of) systems. Here a system is not the high level system used
when we refer to a “structural system”. Rather we a referring to the detailed
“one-way precast floor spanning system” described above, possessing a
specific topologica structure. While the topological structure can vary, it
can do so in only limited ways, defined in how load distributions are
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calculated. A research challenge over time will be to generaize AFOs so
they can depict awider class of designs. We believe this is possible and will
be done, but it is unclear how much so without significantly increasing the
complexity of designing instances of the system.

In the design tool we have been reviewing, the structura behavior has
been used as the primary function for defining the form. How do we build
operators that alow form definition responding to multiple functions?
Again, the floor topping operators provide an insight. In the Tekla package,
the structural function is the primary form generator, and the water drainage
is asecondary function. It is secondary because it does not generate the form
from scratch’ but rather modifies an existing form. This suggests a family of
secondary operations that need to be associated with a parametric building
modeler; these modify an initial design to be responsive to other functions,
such as water drainage, thermal insulation, lighting, acoustics, and others.
This hierarchy of functions, with a primary form generator and succeeding
secondary modifiers of the form, reflect a common pattern of design today
that follows the same process.

The hierarchy of function-to-form operators also suggests the wider
direction of parametric modeling functionaity. We see the eventua
provision of multiple parametric modeling systems for a single function,
some of these being primary form generators (in our example, for different
types of floor spanning systems) and others that can serve as form modifiers.
The form modifiers operate on primary forms generated in response to
different functions. These could provide designers with different design
paths, reflecting different priorities for a particular project.

This discussion has focused exclusively on dealing with functions one at
atime. However, an important type of design innovation is the development
of a system that responds to new combinations of function. A curtainwall
system is an example, which addresses the facade structure, thermal
insulation and light transmission. A parametric modeling system should
support layout, detailing and analysis responding at least to these three
functions, for which it was designed to be responsive. Multiple function-to-
form generators, if they are successful, should provide a different space of
forms than can be developed in a single function generator with sequentia
application of function-driven modifiers.

A good example of multiple function design innovation is the stair
bal ustrade in Joseph Hoffman’s house in Vienna at the turn of the century.
This art deco architect’s walk-up apartment stair balustrade was designed to
also function as a hot water radiator on the ground floor, both warming the
space, and providing stair safety. It is clear that the hot water radiator was
the secondary function.

! We assume such a form generator would only generate sloping surfaces.
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If buildings, composed of multiple systems responding to different
functions are to be designed with ease, then parametric modeling schemes to
support the different systems will be needed. Historically, design handbooks
have been developed for many systems. The American Institute of Steel
Congtruction has its LRFD Design Handbook (Hoffman et al, 1996.), The
Precast Concrete Ingtitute its Design Handbook (PCl, 2001.). These
handbooks identify good practices in the design of one or more systems in
response to one or a smal set of functions. These handbooks were
developed for human interpretation. In the future, this information will be
structured as parametric modeling modules, for incorporation into design
tools. Other forms of parametric modeling systems, oriented toward
different functions, have been proposed. Commercial products exist for
piping and HVAC (piping, 2003); and for electrical systems (such as
EasyPower® and EDSA®). Shape grammars offer a formalism for aesthetics
that could be embedded in a parametric modeling system (Heisserman and
Woodbury, 1993).

Also, many issues are not dealt with by defined systems. Human factors
and ergonomics are concerns that apply across and between physical
systems. Sustainability has very broad concerns that are not easily
encompassed as a building system (Streitz et a, 1998).

6. Summary

The new generation of building design systems, developed in collaboration
with the Tekla system reviewed here, will change the way information is
delivered to the construction industry. It is still largely a handcraft industry,
where handcraft as a term signifies that the application of expertise is
through its manual application. In this sense architecture has remained
largely a handcraft. This new direction will not eliminate the architect’s
manual application of expertise; handcraft will continue to drive innovation
and creativity. It will change dramatically however, the everyday delivery of
construction expertise, providing it in the form of software applications,
rather then exclusively through experienced draftsmen.

Parametric modeling holds the potential to realize to a significant degree
the capabilities posed by Per Galle regarding the definition of what
intelligent design is about (Galle, 1995):

e Intelligence: the ability to maintain semantic integrity. The system
hel ps keeping the representation of the evolving design consistent
with its meaning.

e Generativity: the system can propose solutions to specified aspects
of the design problem.
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