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Foreword

BIM IN EDUCATION—TRANSFORMING THE PROFESSION

No one denies that architecture directly addresses crucially important realms, as we are reminded in
discussions of sustainability, various forms of public health, and safety. It has a direct role in dealing
with human comfort and well-being. It has huge impacts on energy, water and resource needs, and later with
refuse. Yet here in the United States, only tertiary attention to the science and systematic development
of knowledge in these domains is undertaken by schools of architecture. They rather tend to focus on
the composition of form and space as the assemblers and composers of products and technologies. The
technologies dealing with resources, energy, and most aspects of well-being generally have been picked
up, developed, and applied by other professions, usually within engineering including structural, energy,
acoustical, and other types of phenomena. As a result architecture has the primary responsibility for a
declining range of issues and decisions within the construction industry. Explanation for this observable
trend is liability and risk. Another may be the traditional size of firms offering architectural services.
They do not have the scale needed to support this range of services, although consulting firms, often
manned with architects, do offer these services. Is this a premonition for the development and use of
BIM in architecture? Will it be outsourced to consultants, like CAD services have been, to satisfy con-
tractual requirements? Is it a tool mainly for contractors?

University schools of architecture are the training ground for future architects. How is BIM being
accepted in the universities? It was my hope and I think the hopes of other early developers of para-
metric modeling of buildings—the earlier, more general name of systems before the acronym BIM was
conceived—that parametric modeling of buildings would provide the leverage to re-capture the issues
dwindling from the profession’s grasp. BIM was thought to facilitate and integrate assessment of func-
tionality, performance, and increasing complexity to give architects better technology to integrate these
new aspects into design with those already integrated regarding the more subjective social well-being
and aesthetics. It was hoped that future architects would consider all these central issues within the field.

This book serves as an early milestone for examining the status of the BIM endeavor in the universi-
ties. From this viewpoint, it can also be used to assess other perspectives dealing with the interaction of
social values and technology in design. It offers an implicit review of the relation of architecture to the
new technological environment of modern society. With twenty-six chapters by a diverse set of mostly
North American authors, the volume offers a good sense of current thinking in universities. To date, the

XVii
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potential uses and impacts of BIM have only been partially explored. What will be the external impacts
of new technologies, —for example, having close to infinite computing power available everywhere,
with integrated sensors increasingly leading toward smart buildings, and new smart materials, and tab-
let-based access? How is architecture likely to evolve technology-wise as we move through the twenty-
first century?

There are several repeating themes in these chapters. One deals with BIM’s ability to accelerate cur-
rent design processes, through faster iteration cycles regarding structure, cost, lighting, air flows, costs,
schedules, and other assessments, to realize close to real-time feedback. Faster design is not the end
goal. By making such feedback quickly, the experiential and systematic development leading to better
alternatives and integrating multiple evaluations leads to better design. Tracking the results, the client
can see the value added through design, generating better value for the client. Multiple chapters discuss
the expected richer set of services the BIM potentially offers building project clients/owner (Bernstein
and Jezyk; Kalay, Schaumann, Hong, and Simeone; Trubiano; Goldman and Zarzycki).

Bernstein and Jezyk lay out the evolution path for BIM, based on these analysis/simulation cycles
posed by other authors. They point out the changes in design process enabled by tightly coupled design
and simulation/analysis, and the potential values and added benefits that can be offered by architecture
when increasing dimensions of design are directly viewable and measurable. The question is posed
whether the architecture schools will rise to incorporate these ranges of intellectual contribution.

One particular aspect received special attention regarding feedback: energy usage. The chapters by
Hemsath, Sanguinetti et al., Yan, and Donn offer methods for integrating both the automatic generation
of zonal energy models and feedback for interpreting the many multidimensional data results. A variety
of design-supporting feedback options are proposed and prototyped. Energy considerations are not
best unitized only at the level of the building; heat islands and energy recovery schemes from high-heat
generating buildings suggest that neighborhoods and urban zones provide important unit of analysis
and energy system designs. Some of the approaches are reviewed in the chapter by Baird, Ramesh,
Johnstone, Lam.

Kalay et al. provides an important critique of current BIM models, regarding their limited ability
to represent functional, behavior, comfort and other essential aspects of building space. Their critique
suggests several paths for research and innovation. Akin’s chapter lays out a different set of research
and development areas, dealing with interoperability and further improving BIM’s basic usability and
facilitation of collaboration.

There seems to be broad recognition that architectural design will have an increasingly strong ana-
Iytical base. There is a professional need to develop market differentiation to support these services.
A variety of organizational structures (in-house departments, consultants) will support these knowledge
areas.

Another theme is the benefits of customizing BIM tools for special problems, and to provide unique
services. While custom design styles and materials is one path (Beorkrem), Burry lays out the need and
context for metaBIM, where design innovation leads to the customization of the tool and the designs are
co-developed more or less in parallel. The results are outlined in the astounding Sala Creuer above the
nave of Sagrada Familia, now being constructed.
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Embedding enhanced design expertise is another theme. Sheward and Eastman offer two examples
of embedding design expertise into BIM environments: automated conceptual level layout of high-rise
building cores and air-handling equipment in laboratory buildings to gain instant feedback of labora-
tory building layouts from this major energy perspective. The design firm CASE (chapter by Davis and
Miller) examines different kinds of analytics applied to BIM models and develops “dashboard” types of
feedback for use during design. These include analytics at the design project scale, regarding productiv-
ity, number of revisions, and other project data. They develop methods of workflow integration. Other
firms are providing similar services. This is a step recognizing, like Integrated Project Delivery (IPD),
that processes are crucial determinants in product success.

As a business, architecture provides a service that has been licensed since the early days of the
last century. Predominantly composed of small partnerships, the AIA had until recently ethical cov-
enants prohibiting financial involvement in projects, advertising, and delimited the services that could
be offered. Only in the last 40 years have these culturally defined limitations been partially removed.
Today, architecture has as its core service the production of a set of drawings, sufficient for civic gov-
ernmental approval (code check) and for construction bidding on the project. The AIA contract forms
provide variations on these roles for other forms of project delivery. Bid documents have always been
incomplete, with major references to standards of practice, which have been accepted in construction
law. BIM addresses many of these issues and in some areas challenges them. They all add to the com-
plexity of fully integrating BIM into current practices. It forces recognition of the design intent level of
modeling as distinguished from the means-and-methods level of fabrication models. There is growing
recognition that the recognized collaboration benefits of BIM are also reducing the scope of value add-
ing services at the fabrication level. Harfmann’s chapter airs these concerns while also addressing the
issue of one BIM versus many (also Johnson and Kensek).

BIM allows addressing new areas of focus. A primary objective of the architectural design is the
design and composition of space. Spaces were only represented diagrammatically until recently. Hagan
presents an insightful review of the explicit representation of space and the role of GSA in its develop-
ment. BIM tools still do not facilitate the full modeling of a space with its surfaces fully apparent for
review. Krishnamurti, Toulkeridou, and Biswas examine the development of topological structures for
representing systems, including circulation systems, in IFC models.

Ahrens and Sprecher describe how the immense potential of sensor data might be used aesthetically
as well as analytically to enhance building experience. They rightly point out the uncertainty associated
with computational simulations.

Deamer provides a valuable perspective on the role of BIM managers within architectural offices,
using information from BIM managers themselves. Her chapter offers advice on the nature of the work,
its rewards, and frustrations. Gu, Singh, and London address BIM project and office management at
the more operational level. Martens and Peter report on an important issue for the future: archival data
and its maintenance.

Akin emphasizes the cognitive challenge required to address the new complex and detailed
information required of full deployment of BIM technologies. I would also note, in addition to his
insights, the great facilitation that 3D modeling provides as a more direct link to cognitive experience.
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It is replacing the arcane notations embedded in traditional architectural drawings and the manual map-
ping and management costs of generating and maintaining 3D renderings. Other authors (Gu, Singh,
and London; Clayton; Paranandi; Kam; Davis and Miller) provide their insights on the nature of BIM.

To summarize, this volume provides strong indications that the integrative and rich simulation
capabilities offered by BIM are being adopted, further developed, and integrated into architectural edu-
cation. The topics addressed in the volume offer strong agreement and support with the new capabili-
ties emerging almost monthly, some based on work produced by the authors of this volume. We can
expect to see integrated analysis/simulation tools foremost for energy, lighting, and comfort, but also
for costs and various forms of human activity and emergencies. Architectural practice and the schools
will be moving strongly into a data-rich design environment. It is apparent that BIM practice, although
already different from earlier forms of CAD-based architectural practice, is certain to undergo addi-
tional changes that will continue to improve our ability to build sustainably and to build more effectively,
creatively, and economically.

The demand for customization is already apparent in the BIM community; it is a growing need.
Some firms are already selecting BIM platforms based on the need to be able to customize and extend
the object classes, to better control parametric behavior, and to integrate different simulation/analysis
tools. The tying into generative plug-ins and with performance application interfaces will become more
visible priorities in offices that are interested in supporting new market capabilities and differentiation.
Architecture has an exciting future.

This volume provides a good roadmap of where we are going, in the schools and in practice. Written
by BIM leaders, the agenda defined here will depend on the leadership of the authors and their advocates
in practice and university administration.

Chuck Eastman
Georgia Institute of Technology
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Introduction: On the Theory and
Practice of BIM

Karen M. Kensek, LEED AP BD+C, Assoc. AlA

BUILDING INFORMATION MODELING

Building Information Modeling (BIM) is fundamentally transforming modes of design practice and
standards of building design, delivery, and operation. BIM has matured from object-based parametric
modeling developed by innovative software companies and university research programs into suites of
software programs widely used in the architecture, engineering, and construction professions. BIM has
gained rapid acceptance in architecture and engineering schools, the building design and delivery pro-
fessions, the construction and manufacturing industries, and by building owners and managers.

BIM is not CAD. In some respects BIM is a natural progression in the evolution of computer-
supported practice. However, much more so than CAD, BIM is revolutionizing the way the building
partners practice and document their work, even changing the nature of the design process. While
computer-aided design provided some tools to support new ways of working, CAD adoption was heavily
based on direct substitution of existing practice modes. In the early years of CAD, debates raged about
the potential detrimental impacts that CAD might have on design and practice. Early CAD was essen-
tially divorced from building analysis, and CAD was frequently employed by a separate technical team
within the firm. Sharing even basic CAD data was initially difficult, and the pace of CAD adoption in
professional practice was slow. Architects could integrate CAD into the workflow without significantly
improving the way consultants, clients, and contractors worked. The decision to adopt CAD usually
involved discussions of drafting speed, ease of making updates, and the limited benefits that might
accrue with enhanced accuracy. In later incarnations of CAD, three-dimensional computing added capa-
bilities, including visualization and clash-detection.

BIM is landmark technology that dramatically alters the way participants work and interact, and
opting-out is not a real choice. BIM is engaging design analytics in ways that allow architects to make
far better performance-based decisions. As BIM tools allow for deeper comprehensiveness, the tools are
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better at revealing accidental conflict earlier in the process. BIM processes are giving each of the stake-
holders new appreciation for the work of the other players in building design and delivery, and we are
seeing increased potential for engagement of building owners, managers, and occupants in the process.

Although BIM is now widely adopted, the broader potentials for BIM implementation and process
are not yet uniformly achieved, and the foundations for a truly analytical and comprehensive BIM are
just starting to be built. Highly successful BIM will require new ways of design thinking and reason-
ing, and the BIM leaders in the profession and at the universities can provide important insights into
current and next-generation BIM.

The 2008 publication of the BIM Handbook (Eastman et al.) provided powerful examples of BIM
use “for owners, managers, designers, engineers, and contractors.” That seminal book is a compilation
of the state-of-art in BIM technology both for its thorough background examination of BIM (including
chapters on BIM tools and parametric modeling, interoperability, and stakeholder specific information)
and its case studies of ground-breaking implementations of BIM (including the El Camino Medical Office
Building, the Beijing National Aquatics Center, and the San Francisco Federal Building). Since 2008,
several additional excellent books have been written that focus on different aspects of BIM’s potential use
for sustainable design, construction, facilities management, building owners, and others.

Building Information Modeling: BIM in Current and Future Practice is not intended to duplicate the
structure or content of the BIM Handbook, which was updated in 2011. This book assumes that the reader
understands the fundamentals of building information modeling, is aware of the diversity of software tools
that are available for implementation, and has observed case studies where BIM improved the design, con-
struction, and delivery of notable buildings. This book stretches the boundaries of BIM and challenges the
profession to examine its full potential by considering, for example, how BIM could support design thinking
and reasoning, support simulation, and provide insights into the profession and the direction it is heading.

Continuing advances in BIM teaching, research, and practice are resulting in new tools and improved
approaches to software integration and collaboration approaches. At the forefront of these advances,
there are a few dozen individuals who have established themselves as global “BIM thought leaders” for
academia and the professions. These are the people who are leading the transformation of the way pro-
fessionals and students think about BIM integration. These individuals are challenging us to reconsider
what building information modeling could become, to expand the ways BIM is used in practice, and to
rethink the structure and content of the tools themselves. As the technology evolves, even more voices
are contributing to the discussion.

This book contains an edited compilation of provocative essays providing a forum for many lead-
ership voices in the marketplace of ideas about building information modeling in architecture. They
provide clarity and direction for thinking about the current practice and the future directions of BIM,
instigating commentary by foremost thinkers about both research about BIM and speculation into the
future of BIM. The chapters cover a range of topics, from theoretical research that can inform future
BIM performance-based design to commentary on current issues in BIM such as “single BIM” versus
“multiple BIMs” and the role of materiality in the age of digital.

The twenty-six individual chapters can be read in any order as each is a self-contained node sharing
overlapping ideas with other chapters. They are grouped together thematically in six sections with others
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that present both complementary and sometimes incompatible positions: Design Thinking and BIM,
BIM Analytics, Comprehensive BIM, Reasoning with BIM, Professional BIM, and BIM Speculations.

DESIGN THINKING AND BIM

“Design Thinking and BIM” (Part 1, chapters 1 through 4) begins with a concise overview of BIM by
Goldman and Zarzycki that sets the stage for the rest of the book. It describes attributes of BIM, includ-
ing evaluation of visual information, parametric modeling (generative abilities and limitations), how
analytic modeling can drive design, and the assertion that materiality should be part of a comprehensive
BIM. In contrast, Akin approaches design thinking from a psychological approach, elaborating cognitive
strategies for BIM. He observes that whereas software maximizes choices, “the designer tries to reduce
variables that cause cognitive overload.” That cognitive stress is mitigated by the correlation between
specific tools that BIM provides and the historical shared architectural ontology, based on a taxonomy
of concepts and relations among them. Considering BIM in this manner ties its abstract computational
data structures and regulating lines to parallel ideas in architectural theory (Clayton).

The incorporation of design thinking into BIM is the premise of Sheward’s and Eastman’s proto-
types for knowledge-based building information modeling. Their goal is to take the deep understanding
of experts and incorporate them into tools that help designers at the early stages of design.

BIM ANALYTICS

In “BIM Analytics” (Part 2, chapters 5 through 12), several similar themes tie the chapters together,
including the critical need for performance-based design driven by intelligent use of simulation software,
the power of parametric modeling in support of analytics, and current inadequacies of software inter-
operability. BIM plus analysis tools for simulation can help architects achieve sustainable design goals.
This can happen at many different times during the design process and at varying levels of complexity.
A “proto-BIM,” a 3D model, can assist with shadow casting and wind studies. Conceptual whole build-
ing energy modeling during the early design stages is easily achievable even with the somewhat limited
interoperability that exists between software programs. And high performance design extends beyond
energy concerns to other areas of efficiency and life-cycle modeling. Professionals and designers need
to be aware of the issues that affect the use of BIM for simulation. Recently, applications have become
available that “automatically” find optimal solutions for complex trade-off problems such as windows,
heat gain, and savings from daylight harvesting. Although not yet integrated into BIM software, steps
are being taken in that direction.

Important new research questions have been uncovered, and building simulation software needs to
address important issues of complexity and computability for achieving current goals and new applica-
tions in physical BIM and parametric BIM-based energy optimization (Yan). Bernstein and Jezyk bring
both industry and academic expertise to exploring the ramifications of BIM 1.0 evolving to BIM 2.0
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and the affordances this allows design empowerment and integration of technology in the practice of
architecture. Energy modeling during conceptual design, sensitivity analysis of the parameters, and
optimization are available now (Hemsath). This extends not only to individual buildings, but also
to district energy systems, one example of BIM being used for urban energy information modeling
(Baird et al.).

Dashboards are one mode that designers and owners have of understanding building performance.
Collaboration between tool crafters and users is showcased in this “new theater” of design practice
(Davis and Miller). In order to perform the energy calculations during the early stages of design, the
building model needs to be broken into thermal zones, a subtle yet critical aspect of energy modeling
(Sanguinetta, Paasiala, and Eastman). Yet one cannot overlook the role of the analyst in performance
simulation, whether that is an architect or consultant, a student, or professional. The original dream of
BIM is the integration of many different digital design decision support tools (Donn), but the user has to
understand the real material aspects that describe the building in order to have the virtual model behave
properly and give results that can be trusted.

The last chapter in this section straddles BIM Analytics and Comprehensive BIM. Whereas the pre-
vious authors demonstrated the use of BIM plus analytical modeling for predicting performance, Kensek
categorizes the many types of BIM including the AIA Levels of Development (LOD), “BIM Light,” and
“BIM fragments,” privileging those that allow for simulation. Chasms of interoperability lead to ques-
tions of the value of federated or comprehensive BIMs as potential solutions.

COMPREHENSIVE BIM

In what direction is the profession heading, and is it the correct way to go? Although BIM can be
described as “a digital representation of a physical entity, whether existing in the physical world or
intended to exist in the future; an integrated, structured database, informed by the building industry, and
consisting of 3D parametric objects.” It is fair to say that “BIM” is neither comprehensive nor singular in
how it is currently being implemented. Understanding the theoretical issues of why this is so will provide
deeper understanding into other practical questions such as: “Why did the contractor create his own
model,” “Will the client be able to use the BIM for building operations?” and “Are there other frame-
works that are different from how we are currently categorizing BIM?” This chapter does not answer
these specific questions, but it provides educated opinions concerning the nature of an all-inclusive BIM.

The chapter authors of “Comprehensive BIM” (Part 3, chapters 13 through 15) agree to the conse-
quences of a “single” BIM versus “many” but differ as to resolutions. After a brief review of the history
of BIM, Johnson delineates the limitations of a single model, a BIM unity, by exploring the implications
it has on complexity, cognition, and culture. By a completely different rationale, Harfmann concludes
that a single component-based BIM linked to manufacturer databases is valuable to the architect and
contractor. His BIM is more nuanced than most, however, in that it allows for a digital model that is light
on embedded information but requires externally linked information to real building components. This
allows for improved design coordination and construction while inherently recognizing that building
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component geometry differs in meaning by those who rely on it. Gu, Singh, and London sidestep the
entire issue and explore the establishment of BIM ecosystems and how products, processes, and people
have to co-evolve for progress to continue. This is based on their understanding of the fundamental char-
acteristics of BIM (representation, documentation and information, inbuilt intelligence and analysis, and
collaboration and integration). Their result is a flowchart for a collaborative BIM decision framework.

REASONING WITH BIM

“Reasoning with BIM” (Part 4, chapters 16 through 19) covers a diverse set of topics of importance to
the profession. Fabrication is probably the one most concrete. Our buildings are designed virtually. Yet
they intended to be physically constructed and occupied. Computer numeric controlled (CNC) machines
take the digital and create the real. But software can hamper or deaden the sensitivity of designers to the
actual characteristics of the material.

Beorkrem argues that designers must not lose sight of materiality and the practical aspects of fabri-
cation even when using computational tools to generate form. A bit more esoteric, the chapter by
Krishnamurti, Toulkeridou, and Biswas formulates a method for data extraction from spatial topol-
ogy. Building upon these ideas, a theoretical prototype is defined for using green building certification
requirements with the extracted model for assessing the data and representing it in formats as required
by the agencies.

How students reason and collaborate differs from professionals. But in both cases BIM can be used
as a catalyst for encouraging creativity and collaboration. Social frameworks and computational work-
flows that include collaborative prototyping, crowd-sourcing, and knowledge capture and storage in the
cloud can be created to assist with this (Paranandi).

Is it reasonable to use BIM for long-term projects? Martens and Peter have an ongoing, fifteen-
year-long project of documenting destroyed synagogues. They discuss issues of virtual construction
with a lens toward longevity of model information. Their experiences have practical benefit for office
managers considering methods of keeping their data and drawings “alive” for expected renovations and
retrofits in the future.

PROFESSIONAL BIM

“Professional BIM” (Part 5, chapters 20 through 23) is not a collection of practical case studies, although
certainly those would have value. Instead, these chapters focus on broader concerns. For example, what
is a successful BIM building and/or process? How can one determine if the architecture firm, compared
with others, is taking full advantage of the BIM ecosystem? One evaluation process is described; its
weighted metrics are based on planning, adoption, technology, and performance. Quantifying BIM per-
formance allows firms and owners to assess their current level of BIM maturity and use that information
to improve their own implementation of BIM (Kam).
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Space is not only critical for defining architecture, but necessary for defining programmatic needs. It
is a simple concept (e.g., what rooms are needed by the client; how big are they; who uses them?) and is
linked to data that is critical, especially for owners in charge of a lot of real estate. Spatial BIM benefits
the clients, owners, and facilities managers while providing for the needs of the occupants (Hagan).
Going beyond spatial information, Trubiano asserts that “building information modeling affords the
building industry an important opportunity for expanding the range, comprehensiveness, and critical
dimension of how buildings are conceived, fabricated, and simulated. Not only is it capable of altering
the architect’s relationship with construction, it is equally adept at transforming the profession’s engage-
ment with architectural design and building operations.”

BIM “is a systemic innovation in the AEC sector that impacts all aspects of the industry, beyond just
the development and adoption of a specific technology.” Deamer presents a compelling argument that
BIM is not just about optimizing building design and construction, but instead it provides an oppor-
tunity to explore the processes of an office from the role of the BIM manager to reconceptualizing the
entire firm organization.

BIM SPECULATIONS

The book ends with “BIM Speculations” (Part 6, chapters 24 through 26) and invites the reader to con-
sider other modalities of building information modeling. Users are reexamined as a primary stakeholder
in the building, but ones that are often ignored in simulations that attempt to predict the performance of
the building (Kalay, Schaumann, Hong, Simeone). This is one hurdle that designers of high-performance
buildings will eventually have to overcome as accusations are already being made that some buildings
are not performing as the simulations foretold. Further research into the actions of the occupant need
to be coupled with the software.

In addition, a more fully developed modeling system will also represent form, function, and use as
part of the building components’ definitions. Information modeling is proposed as the next iteration
because the BIM is not just about the building as an artifact, but includes transdisciplinary knowledge
unique to its context, program, and performance (Ahrens and Sprecher). Burry reports on how he and
his team produced precise building information through a shared model that is beyond conventional
BIM capability and in conclusion, provides fundamental points for the continuing development of BIM:
metaBIM.

THEORETICAL FOUNDATIONS

It would be inaccurate to characterize building information modeling as a thoroughly new idea, or sim-
ply a product of industry software development dating from the earliest releases of programs that have
become relatively mainstream in the architecture and construction industry today.
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Instead, its pedigree stretches back to those first builders, architect-contractors, who envisioned
for their clients something grander than a large house for ceremonial or religious purposes. This was a
remarkable transition as it not only managed to create a new profession, a middle class of craftsmen, and
cohort of workers, but sharply marked a divide between vernacular architecture where everyone had the
common information and skills necessary to build their own homes, to “architecture” that employed
specialists and arcane knowledge. The complex construction management projects called the pyramids,
engineering feats of the aqueducts, the soaring edifices of cathedrals, and the earliest skyscrapers before
the invention of computers—these also depended on “building information models.” In each of these
cases, the architect-contractor created a mental model, physical representations, and drawings to inform
the client, develop the design, and communicate with the tradesmen and unskilled workers. The image
this evokes is that of the master builder, pointing into the uncompleted vault of the cathedral and dis-
cussing details of design and construction with the stone cutter. It is not difficult to mentally transform
that image to that of a project architect, squinting, with a tablet computer held to the sky, listening to
the structural steel detailer describe how the complex joint is going to be achieved.

The virtual design model is a meta-version of the BIMs that have come before. Plans, sections, and
elevations, critical tools to previous generations of architects, are mere queries to its 3D database. It can
also produce the perspectives used by Renaissance builders and even physical models through 3D print-
ing and CNC milling. It assists in the communication between the design, construction, and facilities
management teams. It allows for collaboration, analysis, and scrutiny of the design process.

Yet, twenty years from now (or probably less), BIM will be labeled something completely different,
include features yet unimagined, and run on computers that make ours seem as slow and limited as
slide-rulers. The theoretical underpinnings, however, remain the same and are based on the earliest idea
that architecture transcends the mundane and that designer-builders need tools to translate their mental
models to their collaborators to achieve their visions.
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The chapter authors in this book discussed many software programs. Many others are used in the profes-
sion that were not referred to. The book authors are software agnostic and do not specifically endorse
the products mentioned. However, the names of these software programs are often trademarks of or
copyrighted by their respective companies and are listed here in recognition of that. We apologize if any

were inadvertently left off.

3DVIA Virtools

Aconex and Team Binder
Adobe Illustrator

Adobe Photoshop

Athena EcoCalculator
Autodesk 3ds Max
Autodesk 3ds Max Design
Autodesk AutoCAD
Autodesk BIM 360 Glue

Autodesk Dynamo Visual Programming for
BIM

Autodesk Ecotect

Autodesk Formlt

Autodesk Green Building Studio
Autodesk Maya

Autodesk Navigation
Autodesk Navisworks
Autodesk Revit

Autodesk Revit Architecture
Autodesk Revit Structure
Autodesk Vasari

AutoDeSys formeZ

Bentley Architecture

Bentley GenerativeComponents
Bentley MicroStation
bimSCORE

BREEAM (rating system)
Building Design Advisor (BDA)

Building for Environmental and Economic
Sustainability Tool (BEES)

CASE Design Iteration Dashboard
CASE Plastarc

CASE/Autodesk comparative energy instrument
CASE/Snohetta daylight instrument
CASE/SOM BIM Dashboard

CATT

Chameleon

Corel Draw

Corel PaintShop Pro

Dassault Systéemes CATIA

Dassault Systemes SolidWorks
DAYSIM

DesignBuilder

DIVA

DOE 2.0

EnergyPlus (US DOE)
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eQuest

ESP-r

ESRI ArcMap

ESRI ArcScene

ESRI CityEngine

Galapagos

Geco

Gehry Technologies Digital Project

Google Earth

Graphisoft ArchiCAD

Green Globes (rating system)

[ES<VE>

KieranTimeberlake Research Group—Tally
plugin

Kjenner of Manasc Isaac Architects, SU2DS
Sketchup to Daysim exporter

LBNL Modelica Buildings

LEED (rating system)

Linux Operating System

Maxis, the Sims

McNeel & Associates Grasshopper

McNeel & Associates Rhino

Microsoft Excel

Microsoft Word

Microsoft Visual Studio

MIT Design Advisor

Mozilla Firefox

Multiplan

Nemetschek Vectorworks

NREL interface for EnergyPlus OpenStudio
NREL SuNREL

Odeon Room Acoustics Software
Onuma Planning System

Open Source light rendering software Radiance
Open IFC Tools

Protégé

PTC CADDS5

Radiance

Rahe Kraft SU2CATT exporter
Rahe Kraft SU2ODEON exporter
RUCAPS

Sketchpad

Solibri Model Checker

Thomas Bleicher’s SU2RAD
Trelligence Inc. Affinity

Trimble Sketchup

TRNSY
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CHAPTER

Smart Buildings/Smart(er) Designers:
BIM and the Creative Design Process

Glenn Goldman, New Jersey Institute of Technology
Andrzej Zarzycki, New Jersey Institute of Technology

1.1 INTRODUCTION

Despite the myth of the heroic architect, popularized by Ayn Rand’s novel The Fountainhead, whose
Howard Roark-like designs spring entirely from personal inspiration, architects and engineers need
information to design buildings. Few people today question the needs of the clients and/or users so at
least a rough program of activity spaces is usually embedded within the design process if it doesn’t pre-
cede the actual building design. But there is a lot more information that helps architects make decisions
during the design process. While it may not be possible to know everything involved in the design and
construction processes prior to the completion of a building, there are assumptions that having infor-
mation is better than not having it, that informed decisions are better than uninformed ones, and that
design is a knowledge-based activity. If one does not object to designing with information that includes
maximizing building performance, budgeting, and material optimizations, then building information
modeling (BIM), almost by definition, has the potential to improve the products and processes of archi-
tectural design.

Building information modeling provides the implied promise of integrating all types of needed data
into one file or model (perhaps with separate but linked files with easy bilateral information transfer).
While the fulfillment of that promise depends, in part, on both the pace of commercial software develop-
ment and academic researchers, any current lack of a single integrated information model is not a reason
to avoid the process. Furthermore, as long as there are competing products for use by architects, the

3
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features and ability to integrate different types of data are likely to vary. As architects are by nature and
profession optimists, the type of integrated data and information in this discussion may not (always or
currently) be ubiquitously available, but the information not available in the application of choice, may
and probably will (or at least should) be part of and contained within any future development.

Tools are needed for form-making, simulation and analysis, and document production. Clearly these
tools may be discrete, or they might be combined into one or more separate applications. A value of
reducing the number of separate tools is to facilitate the ability to cyclically and iteratively move back
and forth between tasks, especially between schematic design (of which form-making is a part) and
analysis (which may rely on simulation). Note that none of these relationships assume an artificial intel-
ligence or machine-determined decision-making process. While that may be possible at some point, its
desirability is not assumed, and the purpose of using BIM in this case is to use the attributes of com-
putational, information technology-enabled design to provide any member of the building design team
with information helpful in making decisions. It is critical to understand, however, that success in the
integration of BIM into the design and building delivery process relies, at least in part, on a combination
of robust hardware and software.

Digital media in general, and building information modeling in particular, have the ability to inform
the very beginning of the design process. The ability to associate data with geometry allows designers to
begin to (1) integrate technical and performance criteria at early stages of design thinking while includ-
ing advanced visualization capabilities and (2) algorithmically and/or iteratively test design implica-
tions. BIM starts redefining the way design ideas are generated by bridging formal creativity with design
and technological innovation through a close integration of parametric generative tools, through the
introduction of physically accurate digital materiality, and through intelligent database-enriched digital
objects. Finally, BIM affords the architect (and client) an opportunity to include life-cycle assessment
as part of the design process when considering alternatives. As design implementation in BIM becomes
more tightly intertwined, there is the potential to combine multiple roles in the design process much in
the way that “typists” have been replaced as authors write/type and compose with one tool. BIM also
facilitates bridging across disciplinary boundaries.

[t now remains to determine the kinds of tools that can facilitate creativity and innovative thinking
within the design process. Creativity tools need to provide design feedback, help designers to gain new
experiences, and allow for unexpected associations with pattern-breaking functionalities. They need to
allow for inductive and lateral thinking, as well as to connect with broader expertise from other building
delivery team partners.

Present BIM platforms have a legacy that derives from a combination of early CAD software and
visualization applications—all of which are based on geometric logic. The software relies on shapes
and forms to delineate architecture. Moreover, there is a proclivity to look at or define a building as a
set of parts, components, or “families.” As such, it promotes mainly visually driven design validation
in an additive design process. The other component of the current BIM platform, the database, is usu-
ally implemented as an extension of geometry, an attribute of a model. It is rarely a part of a broader
datascape that considers user behaviors, functional patterns, relationships between the cost and perfor-
mance, simulation of energy use, or life-cycle analysis. In a design context BIM may be used to evaluate
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form, to look at generative abilities of parametric models, and as a tool to see how analysis can drive (or
at least influence) the building delivery process.

1.2 EVALUATION OF VISUAL INFORMATION: FORM

The attributes of BIM software allow it to be used for schematic “uninformed” design—a designer can
do everything he or she wanted to do with “dumb software” (i.e., applications restricted to geometric
modeling) or pen and pencil by:

e “Turning off” associated attributes and designing with geometry (e.g., rectangular solids or surface
models rather than walls)

e Visualizing with rendering and ignoring realistic lighting (e.g., shadows as if the sun rises in the
north) or actual material attributes (even visual attributes).

BIM applications have progressed to the point where they may be effectively used to visualize
form with materials by adding realistic finishes with reflectivity, texture, and color, thereby enabling the
designer to judge based on visual criteria (in or out of context) (Figure 1.1).

It is possible in both BIM and non-BIM geometric visualization applications to parametricize compo-
nents so that not all repetitive elements are one-off objects (e.g., provides the ability to change all or one
window at a time when evaluating a facade based on visual criteria/composition). This ability facilitates
smooth interaction in an iterative design process that is essential for any tool and saves time over the use

FIGURE 1.1 BIM models account for material properties, lighting levels, and furniture layouts. While
providing a visual feedback to designers and clients, they also keep track of types and schedules for
construction components, finishes, and furniture.

(Images courtesy of Mina J. liba—left, and Peter Fritzky—right. Designed, modeled, and rendered with Autodesk Revit. Grayscale
conversion and image processing with Adobe Photoshop and,/or Corel PaintShop Pro)
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VERSION 5

FIGURE 1.2 Parametric variations of the column and space frame connection detail.
(Images by George Ricardo Miller. Designed, modeled, and rendered with Autodesk Revit. Grayscale conversion and image process-
ing with Adobe Photoshop and,/or Corel PaintShop Pro)

of traditional media, which effectively improves creative operations. For example, associative attributes of
parametric models allow for autonomous resolution of the edge condition between various elements and
are imperative in relieving designers from continuous verifications and modifications of design changes.

1.3 GENERATIVE ABILITIES OF PARAMETRIC MODELS

Parametric relationships offered by current BIM platforms facilitate generative processes by allow-
ing design versioning while maintaining integrity of an overall assembly. Figure 1.2 shows a number
of design variations of a column-to-space frame detail. Through parametrically defined interoperabili-
ties within the connection, a design can morph between multiple states and at the same time preserve
the logic of the construction detail. This is an important associative quality that distinguishes BIM
from CAD models. However, while this approach provides an effective tool for design versioning and
assembly resolution, it also lacks broader validation criteria such as performance, costs, and material
usage that would provide designers with other than just visual feedback. This limitation is characteris-
tic of most generative software applications that utilize algorithmic and geometric procedures without
physics-based form-making mechanisms.

1.4 HOW LIGHTING, THERMAL, AND STRUCTURAL
CONSIDERATIONS CAN DRIVE THE DESIGN

The ability to add technical information specific to components, context, and/or place can provide
valuable information during the design process. The ability to apply this information during the design
process does not require the elimination of traditional visual evaluation, but does imply that the designer
should consider multiple criteria when making decisions. The following three lists on lighting, thermal
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performance, and structure provide some examples of data that can/should be added as part of a true
building information model.

1. Lighting
o Using exterior location data to test illumination inside a building when looking at the size of
windows.

o Adjusting design elements based on site data (e.g., exterior shading devices, interior light
shelves).

o Specifying luminaires and lamps and testing light distribution visually (interactively test against
surface reflectivity and color; change lamps within luminaire; add, remove, modify reflectors).

o Associating calculations for lumen levels on surfaces (Figure 1.3).
o Providing life-cycle assessment of lighting.
2. Thermal performance

o Modifying the wall construction to compare thermal performance, and other wall attributes:
thickness, weight, space, details, finish options, cost, and more.

o Interactive calculation of internal loads (large buildings) may be tied into engineering decisions
that affect space allocation (e.g., lighting loads, HVAC equipment, heat sinks/cooling towers).

3. Structure
o Modifying structural system at different levels (e.g., concrete vs. steel; size of structural bays/
distance between columns) and visually seeing different implications (e.g., heavy vs. light).
o Detailing parametric variation with visual results (note that this is the kind of work architects
and designers did in traditional structures classes).

FIGURE 1.3 (Left) photoredlistic image, (right) the same image with luminance mode showing the levels
of surface illumination in candela per square meter (cd/m2).

(Images by Travis New. Designed, modeled in McNeel & Associates Rhino and rendered with Autodesk 3DS Max. Image composi-
tion and grayscale conversion and image processing with Adobe Photoshop and/or Corel PaintShop Pro)
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An important feature of future BIM platforms would be to provide multiple modes of data visu-
alization, both quantitative and qualitative, that can relate to diverse types of communications and
user’s needs. Decision making may be heavily influenced by way information is represented. Creativity
and new ideas are often triggered by an unconventional look at the already known problem. Solutions
emerge when various perspectives are considered.

1.5 LIMITATIONS OF CURRENT PARAMETRIC MODELS

A number of current BIM packages allow for establishing parametric relationships between various
model components by feeding values from one object into another (Figure 1.4). However, they still
function within limited scope without bi-directional feedback loops. Parameters are passed along estab-
lished routes in a linear manner that reinforces the hierarchical and didactic design processes rather than
providing opportunities for unexpected discoveries. With most of modeled components functioning as
inert geometries and deprived “smart” behavior, they relay data “down the stream” rather than allow for
a multidirectional dialog and interoperability. While they work effectively in producing outcomes based
on initial assumptions (operands), they are incapable of reversing the reasoning sequence and using the
outcomes as starting points to examine initial design assumptions.

The goal is a platform where members of the building delivery team could reexamine initial design
decisions at any point in the process, including topics such as construction types, budgetary constraints,
site placement, and/or program adjacencies, and substitute them with new priorities. This would facili-
tate the inquisitive “what if . . .” explorations with building performance data, carbon footprint, or mate-
rial substitutions as design informing factors.

FIGURE 1.4 Parametric relationships are passed between various assembly components.
(Images by Alexander Merlucci, Nicholas Giuliano, and Aidan Migani. Designed, modeled, and rendered with Autodesk Revit.
Grayscale conversion and image processing with Adobe Photoshop and/or Corel PaintShop Pro)
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The bi-directional interoperability is particularly important when considering multiple, often com-
peting, design criteria and the need to solve for the most optimal collective solution, not a single variable.
Additionally, clients’ priorities change and so do the site and marketplace conditions. Consequently, an
effective computational design delivery platform needs to accommodate the volatility and uncertainty
of the design process.

1.6 PHYSICS AND MATERIALITY

What other input will be critical for future BIM models to support the design process? In addition to
associative quality of geometry and parametric relationships, the physics-based behaviors, materiality, and
more intuitive user interface are among the most pressing needs for an effective computational design
platform. The lack of materiality considerations hinders the creative process when considering current
digital or analog design tools. With the ability to generate complex forms, designers sometimes operate
within scaleless and etherlike environs that bear little resemblance to actual built designs. Materiality and
physics-based behavior brings a scale and “bite” into otherwise abstracted forms. Emerging design BIM
platforms need to consider physicality of the final product and be able to account for it in all design stages.
This physical awareness needs to be both quantitatively expressed in units and costs and qualitatively con-
tributing to a designer’s intuitive understanding of performance and informing his/her tacit knowledge.
While materiality and physics-based behavior is critical, in understanding design implications,
assembly and manufacturing processes as well as a broader impact on material usage and life-cycle
analysis are equally important. Current tools allow designers to model more complex designs than those
that can be effectively built or solved. When digital fabrication combined with NURBS surface modeling
results in fabrication strategies that produce a significant amount of material waste, the issues of mate-
rial usage optimization and zero-waste designs become critical. The project in Figure 1.5 investigates
this condition by analyzing design methodologies for form-making and form-solving. Unfortunately,

il

FIGURE 1.5 Initial form-finding exercises led to the discussions on material usage in fabrication and
zero-waste strategies. Form-finding for pneumatic design with generative/algorithmic tools (right).
Unrolled and fragmented surface of the pneumatic form (center). Finding complementary unrolled compo-
nents to optimize material usage (left).

(Images by Gayatri Desai, Edward Perez, and Joseph Ribaudo. Designed and modeled with McNeel & Associates Rhino,
Grasshopper, and Kangaroo. Graphic layout with Adobe lllustrator and/or Corel Draw. Grayscale conversion and image processing
with Adobe Photoshop and/or Corel PaintShop Pro)
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in this particular case, the zero-waste part of the project relied significantly on the analog try-and-see
method to optimize material layouts. Computer tools provided limited value in addressing this impor-
tant design consideration.

Future BIM platforms need to account for fabrication and manufacturing processes in order for
designers to consider them in their design process. This is a particularly pressing issue since many cur-
rent designers empowered by fabrication technologies expand the traditional definition of an architect
into the maker (master builder) of architecture. This is evident is emerging innovative practices such
as SHoP where architects assumed a broader role similar to what was historically considered a master
builder. These new practices not only take responsibility for building design but also are aspects of
fabrication and oversight of the overall construction delivery. Furthermore, their contribution toward a
project goes beyond design intent and often involves industry research and technology/tool development.
These practices are the next step in the evolution of the traditional integrated team delivery (ITD) project
with much closer collaborations between thinkers and makers. As with the traditional ITD projects, the
success of these emerging practices depends on the unified building information platform that guarantees
a high level of integration and efficiencies due to the greater level of building delivery control. However,
with such highly interconnected and finely tuned design-build pipelines, there is a question of system
adaptability, and continuous creative evolution remains to be explored for best possible outcomes.

1.6.1 Solving for Multiple Criteria

Most simulation and optimization approaches such as genetic algorithms allow for a single variable opti-
mization and usually solve for a local optimal solution rather than a global one affecting many variables.
This limitation applies to both analog and digital design process where designers address a limited, and
often narrow, number of variables without fully investigating all possible scenarios. Architectural design
requires solving for multiple criteria based on a particular value judgment. Solving for multiple vari-
ables, developing higher-level evaluation mechanism, and going beyond genetic algorithms would pro-
vide more effective creative tools. Furthermore, the ability to adaptively reprioritize evaluation criteria
during the lifespan of the project would provide a better fit with real-life situations.

1.6.2 Other Data Types

Parametric relationships should go beyond geometric properties and include other data types such as
building performance or user behavior. These data types need to feed into form- and space-making while
considering constructability, assemblies, and user experience. Whereas solar or lighting analyses are
effective tools to inform a designer’s thinking and are helpful in justifying a particular course of action,
they often do little to quantify design in terms of the actual performance particularly from the multiple
criteria perspective.

For example, the following question is not uncommon when designing a curtain wall. What are the
benefits and drawbacks of a large glazed facade from the standpoint of solar gains, thermal losses, natu-
ral lighting, and possible condensation issues? While it is common for designers to latch on to a single
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criterion to justify their preferred design directions, an actual quantification of the competing design
objectives would provide designers and clients with a broader understanding of their decisions and ulti-
mately with better performing buildings. While the current state-of-the-practice assumes that all these are
part of mental validation processes designers consider when designing a building, these processes
are often based on intuitive thinking and unquantified experience rather than on sound and current data.
This also limits clients” ability to understand a design decision process and shape it in an informed way.

1.6.3 Soft Constraints

While parametric definitions can be effective design aids in relating multiple assembly components,
their binary state functionality (works or does not work) sets a serious limitation for design explora-
tions. Designers experimenting with parametric systems may get overconstraint messages from BIM
software when there is a conflict between various competing parameters. However, this does not provide
constructive feedback that can help advance the design. What is needed is a soft constraint platform that
communicates to the designer the degree to which the design is working. The qualitative message “you
are 95 percent there” is more effective from the design process viewpoint than the mechanical response
“overconstrained; it does not work.”

The case study shown in Figure 1.6 demonstrates such functionality achieved with chipboard mod-
els of kinetic assemblies using scissor mechanisms. In this case, the physical material used for the

FIGURE 1.6 Materiality (digital and analog) provides valuable design feedback and facilitates problem
solving.

(Images by Elvira Hoxha, Michael Middlefon, and Travis Stracquadanio. Image composition and grayscale conversion and image
processing with Adobe Photoshop and,/or Corel PaintShop Pro)
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mock-ups provided enough flexibility and strain to allow for the soft constraint functionality. Students
were able to use interactions with physical models to understand kinetic movements of their designs
and later bring them within a computational platform for further design explorations and resolutions.
What was learned from this case study was that while physical interactions were helpful, materiality of
a model was critical in providing the desired design feedback. Using acrylic glass or other rigid material
would not provide the same results as chipboard models. This suggests that computational materiality
employed in a similar manner could also be an effective response for soft constraint system.

1.7 DESIGN AND CONSTRUCTION 2.0

Analogous to Web 2.0 functionalities that utilize context-awareness, track user interactions and preferences,
and incorporate crowd-sourcing, the future BIM platform may find it worthwhile to break away from a
single data node mindset and become a part of a broad data-sharing network. This raises several questions:

e Can the experience of one designer contribute to the success of another one?

e Can data make the design process and design knowledge modular enough to be quantified, com-
pared, and shared?

e What is required of the BIM platform to facilitate broader collaboration, knowledge transfer, and
experience building?

Of course, this may posit a somewhat different business relationship between owner, architect/
interior designer, contractor, and facilities management personnel as well as a redistribution of liability.
Nevertheless, “turf wars” aside, there are opportunities that could be technically feasible that would
benefit future designers. It is possible, for example, that the collection and (re)distribution of data (with
appropriate identity protections) may create an entirely new area for employment. For example, some
architects could specialize in development of fully integrated digital prototypes (virtual prefabs) that can
be used as parametrically flexible design modules. These design assets could be reused by others and
franchised as long as the digital building models would allow for easy and flexible parametric reconfigu-
rations, thus leading to genetic standardization of architecture and formatting it into universalities that
g0 beyond the traditional one-off designs. Additionally, this could lead toward considering designs as
forms of intellectual property, not unlike the situation with tangible objects.

1.7.1 Context-Aware Data

With the exponential growth of datasets and design models, the question of filtering information, just-in-
time, and just-in-place functionalities is critical. Having access to relevant information at the appropriate
level of abstraction or detail would streamline design process and eliminate unnecessary trial-and-error
attempts. While often criticized for the requirement of too-much-data-too-early in the design process, future
BIM platforms could adapt its dataset into the level of the design resolution. While this is a representational
rather than systematic issue, the initial data required by a BIM model would not have to be input by a
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designer, but it could be intelligently guessed based on the past or similar projects. The key consideration is
how the data and knowledge developed on the past projects or by other designers could feed into new work.
Other aspects of context-aware data refer to associative qualities of BIMs that would develop lat-
eral connections between various design components as well as the contextualization of design within
a particular locality (environment, codes, process, and construction culture), culture (human factors),
and types of users. Furthermore, with the “Internet of Things” on the horizon, the building information
models need to include a persistent monitoring, data gathering, and connectivity with everyday objects.
One note, however: It must be acknowledged that there could be a danger in creating formulaic algo-
rithmically derived design with information that would actually work against lateral thinking that leads
to conceptual breakthroughs and innovation. To avoid this, designers must still be educated in and facile
in the ability to manipulate all of the criteria traditionally associated with good design and architecture.

1.7.2 Beyond a Single lifespan of the Project

Future building information models need to facilitate the extension of the dataset use beyond single
project or a single designer. While there is a significant discussion about extending the use of BIM into
early design stages and into the post-occupancy, these are not sufficient. Certainly, building information
models can help in the management of facilities, maintenance, and operations especially when coupled
with mobile technologies such as an augmented reality platform (Figure 1.7).

FIGURE 1.7 Augmented reality (AR) environments provide a location-awareness platform for combining
data and video camera feeds to facilitate more effective construction and facility management.
(Image by Andrzej Zarzycki. Image composition and grayscale conversion and image processing with Adobe Photoshop and/or

Corel PaintShop Pro)
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FIGURE 1.8 BIM platforms have the potential not only to facilitate better building design, construction,
and management, but also allow for experience building and knowledge transfer between various pro-
jects. Predictive versus actual performative data from past projects could and should inform future design
practices.

(Image by Andrze| Zarzycki. Image processing with Adobe lllustrator and/or Corel Draw)

However, a more significant repositioning of BIM and the design process is necessary. Design by
its nature is a proposition (intent) that is realized by a contractor erecting the building and later tested
by the owner and users. In any effective design process one would expect a number of feedback loops
connecting users, builders, and designers to validate initial design assumption and techniques used to
realize them. This design-build-test approach is prevalent in other design disciplines and is effective in
improving product quality. Unfortunately, architecture does not follow this model, and when it claims
it does, it does so in a very loose and unsystematic way, relying on scattered information gathering and
sharing. This situation creates an opportunity and necessity for future BIM platforms to address the
need for validation of assumption, simulation, and projection used to design the building. When done
properly, designers will be able to learn from past projects in a clear, quantified way and transfer this
knowledge into future designs (Figure 1.8).

Imbedded sensors monitoring buildings’ operations could feed data gathered back into the BIM
model and verify this against initial simulation models. This would not only provide an opportunity
to verify design assumptions and simulations but also to reflect upon the construction techniques and
material quality. In such a scenario, the BIM platform would emerge as a broader virtual building
model that parallels its physical counterpart and is continuously used to fine-tune building performance
throughout the life of the building. In this new role, virtual models become software components that
operate physical hardware of an actual physical structure. Digital models that were used to design, ana-
lyze, and simulate performance continue their existence as a building operating software.

The predictive value of current simulation tools is limited unless it can be closely tied to actual
building performance monitoring and is later used to refine future BIM-driven designs. Iterative design
processes that include feedback from constructed buildings incorporated into future designs are impor-
tant for good design practices. Presently, the architectural profession depends on human designers to
accumulate knowledge about specific building efforts. However, in actual practice, designers, architects,
and engineers often are not involved in post-occupancy lives of their project. They may lack the time or
expertise to comprehensively evaluate their design.

Finally, information modeling and data sharing refocuses the design process from the one-of-a-kind
creativity to an iterative and sequential process of prototyping and knowledge building. It facilitates the
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development of design(er) memory encoded into data model that can be passed from one building into
another, from one designer to another, continuously and progressively refining the outcomes.

1.8 CONCLUSION

Emerging computational technologies are the latest in the long line of agents informing the way we
work, innovate, and ultimately how we think and who we are. Creativity is perhaps the most cherished
and unique of all human attributes. As such, an intersection of creativity and technology becomes a criti-
cal opportunity that informs design professions and provides great promise toward our future.

While technology redefines the surrounding world, it also needs to reflect/consider it with its vari-
ous intricacies, physical behaviors, and materiality. Designers not only need to model materials, energy
usage, or lighting but also follow up on built designs and learn from previous work.

Remote building monitoring interconnected with building information models can provide an effec-
tive creative feedback loop to improve designs we build and help us to understand a broader impact on
the environment. It can quantify the quality of construction labor and material performance as well as
our own designs.

This accumulated knowledge can benefit all members of the building delivery team if it persists
beyond the life span of a single project in the form of a shared experience that can be passed between
various individuals asynchronously and feed into other construction disciplines and the outside world.
The experiences gained by clients, architects, engineers, contractors, and facility management person-
nel throughout the project can be useful to policy makers, residents, or first responders. A recently
constructed building may become an important player in the neighborhood for the resource sharing and
providing new services for other buildings.

The emerging common denominator to these propositions is a broader unified building information
modeling platform that reflects the complexities and aspirations of professionals involved in the building
delivery process as well as the social and cultural roles. Current BIM products represent early stages of
the ultimate platform that are progressively advancing their scopes and the role they play in practice.

DISCUSSION QUESTIONS

1. What criteria should/could be considered in a building information model to improve its usefulness
in the design phase of a building?

2. What are some of the dangers of relying on single-optimization or algorithmically generated solu-
tions to building design?

3. What long-term opportunities may arise from extending BIM beyond the life of a single project and
sharing data?

4. What opportunities are there to integrate augmented reality into building information models and
in what ways could this prove useful?
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CHAPTER

Necessity of Cognitive Modeling in
BIM's Future

Omer Akin, PhD, AlA, Carnegie Mellon University

2.1 INTRODUCTION: SOME USEFUL CONCEPTS

Human beings cognize their daily tasks through mental models. Normally these cognitive functions
appear to be fluid and painless since these skills are honed over decades of training that often takes
place spontaneously as we act to achieve goals (Newell and Simon 1972). In most cases these mental
models are tacit (Polya 1973), and we do not have to be self-conscious about them. Building information
modeling, on the other hand, is one of the most challenging cognitive tasks that designers face (Akin
1989). We cannot deal with these tasks with our tacit and intuitive cognitive skills alone. While the
tools and methods at our disposal allow us to explicitly represent all that that is needed during the long
and tedious design delivery process (i.e., all of the processes and products of design, construction, and
facility management) there is nothing intuitive about these tools and their interface functions that are
supposed to connect our mental models to the internal functions of the computer code by which they
are governed. When it comes to the capital project delivery (CPD) process, our cognitive skills for daily
problem solving, while still necessary, are not sufficient (Figure 2.1).

The average CPD problem involves at least one million physical products, thousands of person-
hours, months of dedicated work, expenditure of millions of dollars, and a plethora of expert con-
sultants who rarely speak each other’s language or share each other’s tacit mental models. Building
information modeling (BIM) technology attempts to mediate all of these challenges. It is no wonder that
it has taken more than half a century and dedicated work by individuals as well as product vendors in
computer aided design, drafting, and manufacturing (CAD-D/CAM) to make a dent in this challenge.

17
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FIGURE 2.1 Interface of capital delivery with cognitive models of design.
[Akin 1989; Figure 4.2, p. 57)

In spite of this mammoth effort, the task is still incomplete. One of the most challenging and rarely
addressed aspects of this mission is how to intermarry digital models of building information with cogni-
tive models of designers.

It is important to stress that this is only one of the many challenges of BIM. Clients and users require
that products provide reliable performance, are delivered on time, and are within resources available
(Akin 2012). In order to address this, the industry has risen to the occasion by targeting lean delivery
of green products (Klotz and Horman 2007). The integrated design process (IDP) approach is but one
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FIGURE 2.2 Saw-tooth model of information acquisition and loss in CPD.
(Courtesy of Fuhrman. {2004, "Pay now or pay later,” diagram, Infernational Facility Management Association, Houston, TX)

of these approaches that promises to address the historic challenges of the industry: budget, perfor-
mance, and schedule (Larsson 2009). Interoperability—the ability to use results of each step in the CPD
with the next stages seamlessly—is paramount in addressing these goals (Figure 2.2). Finding problems
earlier rather than later in the process is a significant time and money saver (Figure 2.3). Naturally,
BIM, because of its ability to deploy intelligent tools for design, appears to be the appropriate choice for
addressing these issues. This further heightens the importance of solving the problems endemic to the
interaction of digital models with cognitive ones.

REQUIREMENT SPECIFICATION

RELATIVE COST OF REPAIR OF MISTAKES

FIGURE 2.3 Cost of repair in phases of design delivery.
(Based on Kelley et al. 1993
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2.2 BUILDING INFORMATION MODELING: THE BRAND
NEW WORLD OF DESIGN COMPUTING

The idea of BIM, neither novel nor new, is extremely timely. It has advanced quite rapidly, past the emer-
gence stage of a paradigm shift, and has become a full-blown movement. The context for its support is
present and robust. In BIM, as is the case in all movements that enjoy unprecedented coalescence of sup-
port from diverse quarters, its context is the key to its persistent success. This context is defined by some
of the factors already described earlier: the need for management of large data repositories, intra-task
collaboration, and smart representations. Existing systems, such as Autodesk’s Revit, provide evidence
to make a case for interoperability, while not along horizontal lines crossing entire facility lifecycles, but
at least along “vertically integrated business functions” (NIBS 2007).

The lack of lifecycle interoperability is probably the most acute productivity issue that the AEC
(architecture, engineering, construction) sector faces. In the current manual process, there are repeated
information buildup efforts required at the beginning of each phase and major information loss at the
end. By and large, this can be avoided in the “interoperable data process” modality (Figure 2.2). This
point underscores both the promise and the challenge this movement currently faces. Even as profes-
sionals witness the publishing of a standard for BIM by NIBS-FIC and the authoritative handbook on
the subject by Eastman and colleagues (2008), the direction and prospects for success of BIM are still
being hotly debated, even by those who are responsible for its inception.

The BIM Handbook by Eastman and colleagues provides good coverage of the tools that are avail-
able and their interoperability and data standardization rages. It also considers the future of BIM
and how it can help transform the future of this effort in the AEC industry. This is a fast-moving target, and
it is still being formed by the market forces and nearly three decades of research started by Eastman
and Fenves back in the early 1970s at Carnegie Mellon University.

However, some claim that BIM exhibits the classical signs of what is currently wrong with the AEC
sector: disjunctive and distributed data, practices, and “standards” (Tardif 2008). While there appears
to be some consensus around this position, ideas about potential remedies seem to be uncertain. Should
there be a standard BIM practice and ontology centrally maintained and controlled? In the near future,
how realistic is it to achieve such a centrally placed BIM system? For the sake of realistic expectations,
should a coordinated but distributed BIM be supported? Is this difficulty an artifact of the culture and
turf of building construction, rather than digital technology? Are there existing organizations and sys-
tems that can become the “natural” stewards of the centralized BIM, like buildingSMART alliance of
NBIMS? This intense debate around BIM has been fueled by several concurrent technologies, including
the modeling software offered by CAD vendors, the process and product model standards offered by
international agencies, such as Standard for the Exchange of Product Model Data (STEP), International
Agency for Interoperability (IAl), their third-party contributors, and the communication networking
enabling remote operations, through the Internet.

In an effort to implement these concepts underlying BIM in the CAD marketplace, many software
vendors are taking preliminary but serious steps toward object-oriented (OO) modeling and exchange-
able data formats. The challenges that remain include the seamless extension of these capabilities to
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tasks outside of the core architectural ones, such as mechanical, structural, electrical, egress, emergency,
and cladding systems. Further extensions are needed to cover other CPD stages that are not currently
covered, like requirements engineering and building commissioning. The challenges are in the volatil-
ity of product and process information, lack of standards and standardization, lack of interoperability
protocols, and industry’s slow acceptance of digital data standards and exchange strategies.

Advancements in building performance simulation over the past two decades have been signifi-
cant, including new and improved computational tools that address the changing needs of architectural
design throughout the CPD life cycle. The ultimate goal of BIM is evolving into the support of sustain-
able architecture and the creation of healthy, comfortable, and productive habitats for human activities.
Ironically, defining such human activities accurately in performance modeling remains probably the
single most complex and challenging task.

While the above areas of application signify the core developments in the domain of BIM there are
several important developments they do not cover: intelligent graphics, architectural robotics, require-
ments modeling, performance evaluation, requirement specification, construction site modeling, build-
ing commissioning, operations maintenance and management, and economic modeling. Graphics has
been a bulwark of early computational design. In fact it has been almost a synonym for BIM from very
early on (Sutherland 1963, Chan 1994, Moustapha and Akin 2004). One of the intellectual extensions of
the work in the graphic realm into pioneering applications can be found in the physical manifestation
of design by digital technology. This includes digital fabrication technologies at one end and architec-
tural robotics applications at the other.

One of the critical areas of CAD emergence in the AEC sector is in the area of modeling for con-
struction site management and planning (Akinci et al. 2008). This is one of the most critical phases of
CPD that potentially impacts a building’s cost, schedule, and quality most significantly. There is a pleth-
ora of application areas in BIM, including construction process planning, modeling, prediction, and
control through the use of remote sensing, data encoding, laser technology, simulation, solid modeling,
and the like (Akin 2012). Once a building is turned over to the owner, its operation, maintenance,
and management challenges begin in earnest (Lee and Akin 2009). Often from the first day there are
insurmountable issues of setup, calibration, diagnosis, repair, alteration, as-built records, user requests,
inventory record keeping, emergency intervention, and routine maintenance, some of which are excel-
lent candidates for BIM applications.

Finally, there is a great need to develop intelligent assistance for economic decision making in BIM
for all facets of the CPD process. New economic models are emerging that take into account not only the
traditional economic modeling issues like discount rates, net present value analysis, and value engineer-
ing, but also the real estate and design added value analysis (Akin 2012).

2.3 COGNITIVE STRATEGIES FOR BIM: CHALLENGES AND OPPORTUNITIES

In 1956, George Miller, a cognitive scientist at Princeton University, published his seminal work describ-
ing the span of human short-term memory (STM). The details of his findings notwithstanding, this

www.EngineeringBooksPDF.com



272 Chapter 2 Necessity of Cognitive Modeling in BIM’s Future

Requirement .
Architectural Program
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Criteria PARTI FUNCTION GEOMETRY ORIENTATION

FIGURE 2.4 Decomposition of the design problem.
(Akin 2010}

was the beginning of understanding that humans are able to attend to a very limited number of bits of
information at any given point in time (i.e., 3 to 7). Subsequently it has also been learned that people
use clever methods like mnemonics and employ the vast resources of their long-term memory (LTM) to
extend their information-processing capabilities considerably (Chase and Simon 1973).

This may be the most significant singular reason to pay attention to cognitive factors in improving
the performance of BIM systems. Whereas recent advances in human-computer interaction have had
a significant impact on software and product development in many areas of commerce and marketing
(John et al. 2012), its impact on CPD software has been less significant. In an ethnographic analysis
of one of the leading CAD software systems at the time, it was discovered that while around 20,000
different commands were at the disposal of each designer, on the average they used around 20 com-
mands to address most if not all design tasks before them (Bhavnani 2000). Clearly the model of
design in the BIM world is one of maximizing choice, whereas the designer tries to reduce variables
that cause cognitive overload. Thus it is necessary to recognize that designers in a BIM environment
would want to

1. Apprehend stimuli, selectively. This is a form of built-in bias that protects the cognitive system
from information overload. In fact, the limited span of the STM is a “structural” device to create
an intentional bottleneck to slow down the free flow of information. Thus human cognitive
systems make us focus instinctively on certain aspects of our environment while filtering out
others. In the case of design, this means that we chose that upon which to attend. There are
very few BIM systems that help the designer filter information by using self-defined criteria of
elimination. Evidence shows that designers create their own views of things that consist of unique
assemblies made of decomposed parts of the design problem (Figure 2.4). In this design episode,
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the designer first breaks the problem up into three alternative site positions and then into four
design criteria: geometry, function, orientation, and concept.

2. Use a divide and conquer strategy. Once the design problem is decomposed into mnemonically
sensible parts, the BIM system should also allow designers to engage unique process sequences.
This is neither supported by the categories and views one can create by combining the commands
presorted into groups, sub-groups, and sub-sub-groups on the menu bar; nor the objects, types
or instances, modeled as entities that can be moved around in the database. Furthermore, these
cognitive chunks of information do not map onto predefined expertise-related assemblies either—
such as energy analysis, LEED compliance testing, emergency egress and movement simulations,
structural analysis, clash testing, quantity takeoff data, or scheduling. Designers prefer to create
iterative approximations of the same design solution over and over again, each time modifying a
limited set of design parameters (Figure 2.5). In this example, expert designers demonstrate that
they generate four different solution alternatives within a span of 30 minutes. Rarely do BIM

’ @

software systems support the designers’ “navigation” in a space of potential solution alternatives
without resorting to external memory aids. This, at a minimum, requires robust version control

functionality.

3. Integrate distinct but dependent information sets, systematically. After the design problem is
decomposed into parts, the individual partial solutions need to be assembled together to create a
singular design alternative. Once again, evidence from cognitive process studies suggests that this is
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FIGURE 2.6 Pairwise integration of the design problem decomposition in Figure 2.4.
(Akin 2010)

accomplished either in pairwise integration (Akin 2010) or three-way integration (Akin 2010). In
the former case (Figure 2.6), the designer is observed combining the functional organization sub-
solution with the design concept sub-solution, which is subsequently merged with the orientation
idea, and finally all partial solutions get combined with the geometry sub-solution. Whereas, in the
latter case, a team of designers, working on a crematorium project, address integrating ideas about
issues of form, construction, and cost in a three-way assembly attempt (Figure 2.7). The flow of
design actions is indicated by the directed arrows. Here, all three subsolutions are combined at
once, rather than the more laborious approach of pairwise integration shown in Figure 2.6. This
is attributed to the increased cognitive power of the team design situation.
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FIGURE 2.7 Three-way integration of the decomposition of a crematorium design problem.

[Akin 2010)

Another set of challenges and opportunities for BIM and cognitive model interface has to do with
exhaustive and accurate information processing. Humans are notoriously careless, biased, and down-

right incompetent when asked to handle large quantities of information exhaustively and accurately.
Digital devices, on the other hand, are useful because they can be programmed to be exhaustive and

accurate.
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1. Early detection of faults. These functionalities available even in the least capable digital
applications—whether statistical analysis, tax return preparation, or visual data recording—must
be made available in the context of design with BIM systems as well. Design errors must be
detected early and exhaustively during the early stages of design using clash checking, program
compliance, code compliance, performance compliance, and so on. This is a zero-tolerance
requirement. The consequences of not providing this functionality are inconsistent with the goals
of IDP and Lean Design approaches (Figure 2.3).

2. Seamless flow between phases. Information created at any given moment in the design space
must be readily applicable to prior or later stages. This must be accomplished with little to no
loss of information, redundant processes, or backtracking. Often this function is relegated to the
designers, whose cognitive systems are not built to undertake such tasks effectively (Figure 2.2).

2.4 CONCLUSION

Several BIM capabilities would improve the effective use of human cognition in the BIM-supported
design process. These include assisting the (1) selective apprehension of stimuli, (2) using a divide
and conquer strategy, (3) integration of distinct but dependent information sets, (4) early detection of
faults, and (5) seamless flow between phases. A cognitively conceived BIM system will go a long way in
fulfilling the market expectations of IDP and Lean Design approaches that are aiming at improving: (1)
design quality through realization of performance expectations, (2) timely completion of CPD delivera-
bles, and (3) enhancing budget and value of design.

In closing, it is worthwhile to note that with all of the challenges that the complex world of the CPD
process offers and the rapidly developing digital capabilities that range from innovative input output
of data, to actuation of physical objects, and to innovative software applications that emulate human
intelligence, the future of BIM is bright indeed. While the challenges, particularly the current ones pro-
fessionals are facing in terms of cognition are extremely tough, so are the ingenuity and technological
prowess of the academic and business world aimed at addressing these challenges.

DISCUSSION QUESTIONS

1. What is cognitive modeling?

2. What are short-term memory limitations in human cognition?

3. Name three strategies that designers use to overcome their short-term memory limitations in design.
4

. What are the key forces in the capital project delivery (CPD) arena that make BIM an attractive
technology?

5. How will BIM assist in overcoming AEC market problems?
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CHAPTER

Modeling Architectural Meaning

Mark J. Clayton, Texas A&M University

3.1 INTRODUCTION

A premise of artificial intelligence research is that software is the formalization and storage of knowl-
edge that, furthermore, transforms knowledge into procedures. In this context, BIM can be considered a
compendium of architectural theory that assists and guides the designer to act like an architect. Rather
than being a supplemental and practical skill, expertise with BIM tools is inextricably linked to the
core knowledge of architecture and the age-old conversation about theory and meaning in architecture.
Although the keystrokes and mouse movements necessary to initiate commands and control operations
may be unfamiliar, a contemporary architectural designer who is current with architectural theory and
professionally competent already knows the concepts expressed in BIM. Architectural knowledge is the
starting point to learning BIM for the professional. For the student, BIM helps to make architectural
knowledge both explicit and actionable and thus is an aid to retention of knowledge and its incorpora-
tion into behavior.

This point of view is elaborated through four examples: the use of an ontology of architecture
expressed through the software; the notions of regulating lines, symmetries, proportions, and align-
ments; the use of diagrams to clarify semantic expressions in a design; and the use of templates that
capture the essence of architectural types. Other examples could be explored, such as the expression of
basic construction materials and methods, the knowledge of drawing and rendering, or the knowledge
of building performance, but these are beyond the scope of this chapter.

29
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3.2 ARCHITECTURAL ONTOLOGY

At a fundamental level, a conversation about architecture depends on sharing a basic ontology that
includes a taxonomy and relations among taxonomic items to define semantics. Theorists throughout
history have formulated the vocabulary of architecture, by which, to some extent, they have defined
architectural styles. The classical style consists of columns, walls, pilasters, roofs, pediments, arches,
domes, porches, doors, windows, and other elements organized into the classical orders (Adams 1990).
Modernism emphasizes different ontological parts and relations, with primary ideas such as ribbon win-
dows, pilotis, and the free plan (Le Corbusier and Jeanneret 2008). Post-modernist theory attempted to
reassert a traditional ontology that includes concepts such as fagade, towers, courtyards, and corners
(Krier 1988). Classification schemes such as the Uniformat II provide more prosaic but highly practical
taxonomies of physical objects (Charette and Marshall 1999).

Every software system must employ an ontology to provide collections of commands that connect
the manipulation of abstract computational data structures to more concrete domain knowledge of a
practical task. BIM systems tend to use a rather direct and unpretentious ontology of architecture from
the standpoint of defining a shelter. Table 1 compares the items in Krier’s ontology with the command
interfaces of Graphisoft ArchiCAD and Autodesk Revit (Graphisoft n.d.).

BIM tools are distinguished from CAD systems largely by incorporating and enforcing architectonic
relations that are also ontological. One way this is expressed is the “host” relation; in the most obvious
example, a window must be hosted by a wall. When the hosting object is transformed geometrically or
deleted, the hosted object is transformed or deleted too. Many objects in BIM are also given behavior
that corresponds to expectations in the real world. For instance, a hinged door is defined to include
handedness and direction of swing. These “properties” are special nongraphic fields or parameters that
work with the software routines in special ways to model our expectations from the real world.

Although these concepts of an architectural ontology may seem obvious and trivial to the practicing
architect, for the student and others learning BIM, it is crucial to change the ontology from being tacit
to being explicit. A discussion of architectural ontology in conjunction with basic BIM commands can
be a first step to grasping that architecture can have associated meanings and expressions.

3.3 REGULATING LINES

Architectural theorists have long suggested that architectural beauty is closely related to geometric con-
structs, alignments, and proportions. In the famous essay “Mathematics of the Ideal Villa,” Colin Rowe
discussed the similar and differing attitudes to proportion between the Renaissance Villa Malcontenta
by Palladio and the modernist Villa Garches by Le Corbusier (Rowe 1947). The term “regulating line”
is used to refer to the conceptual axes or edges that determine the placement of physical objects in the
composition (Le Corbusier 1924). Constraint modeling is a software approach that expresses the ideas
behind the use of regulating lines.
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Table 3.1 Comparison of onfologies described by Krier and expressed by ArchiCAD and Revit

Revit Architecture

Krier ontology ARCHICAD 3D tools tools

Interior spaces Zone Room

Ceilings and floors Slab Ceiling, floor
Columns and piers Column Column

Doors Door Door

Door handles — Component
Windows Window Window

Staircases Stair Stair

Facades Wall, curtain wall Wall, curtain system

Entrance and portals — —

Arcades — —

Ground floors — —

Bay windows, balconies, and loggias — —

Railings — Railing
Roof and attic storey Roof Roof
Towers - -

Building corners — —

Courtyards — —

Outside staircases — —

— — Ramp

— — Mullion

— — Curtain grid
— — Area

— — Opening

— — Shaft

— Beam Beam

— Shell —

— Skylight —

— Lamps Component
— Wall end —

— Corner window —
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Constraint modeling has been a topic of architectural research for many years. In one exploration
of a sketching tool for architects, the software user can apply constraints such as tangent, top-aligned,
aligned to grid, parallel, point-on-line, and fixed length (Gross 1992). The notion of regulating lines
was used explicitly in a working software prototype to control line segments of the composition itself
through relations and constraints (Kolarevic 1994). Transformation of a parent line can propagate to
child lines recursively.

Constraint capabilities in BIM tools enable one to explicitly explore and manipulate designs using
regulating lines. Levels, grids, reference planes, and various dimensional constraints are available to the
designer through the BIM tools.

Perhaps the most fundamental notion of alignment is the idea of a level. Buildings inherently con-
sist of floors, stories, or levels that establish horizontal planes upon which people live their lives, as
illustrated in Figure 3.1. Metaphorically, each level is a ground plane that lowers or elevates us through
the vertical dimension. In Autodesk Revit, levels are a fundamental notion. By default, most objects are
hosted by the level of the plan view that was current when the object was created. If the level is moved,
the objects hosted by it move in relation.

Reference planes and reference lines are a more general notion than a level. Grid lines (Figure 3.2)
are commonly used in professional architecture to achieve order and control over the building form and
anticipate the survey that allows for construction.

level 4
27I - 0"

level 3
19'- Q"

level 2
11'-0"

level 1
0.0

level O
8-0"

FIGURE 3.1 Levels. The subiject is the first LivingHomes model home, designed by Ray Kappe.
(The Revit model was built by Jacob Richie)
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FIGURE 3.2 Grids.

FIGURE 3.3 Extensive use of constraints to control a floor plan. As an example of neoclassical architec-

ture, a Louisiana plantation house is organized by symmetries.
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A constraint modeling design approach associates the building form elements to the levels, refer-
ence planes, and grid lines through locks and offsets.

In addition to the host relation described earlier, one element can also be “locked” to another element
so that they move together. A dimension defining a distance between two elements may also be locked.
Mirror or glide symmetry can be established by using an equal constraint on a continuous dimension
line. An anchor constraint can force measurements to be made from one element and applied to others.
One object can be pinned so that other objects can only be moved in relation to the pinned object.

An example of extensive use of constraints to impose classical design principles is shown in
Figure 3.3 illustrating an American neo-Palladian plantation house drawn with Autodesk Revit. The
walls are constrained to reference planes and the reference planes are constrained to a centerline so that
the symmetry of the design is enforced as the dimensions are changed.

In Autodesk Revit, massing extends the notions of reference planes into the third dimension. The
faces of a mass can be used to control the location and shape of walls, roofs, floors, and other elements
(Figure 3.4).

Constraint modeling is the basis for parametric modeling in which the design can vary through a
range of dimensions or other parameters. By explicitly defining relations among geometric elements, it
becomes possible to define how they must move or change as the parameter values vary. Variation may
be defined by formula and then the input to the formula varied systematically or randomly to create
new designs. Enormous variation can be produced, as shown in the model of the Kaohsiung Stadium in
Taiwan (Figure 3.5).

FIGURE 3.4 Use of mass model as constraint modeling. A mass model can be used to control the location
of walls, roofs, floors, and other objects.
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FIGURE 3.5 Complex form modeled with Rhinoceros and Grasshopper. The model was built and ren-
dered by Tim Wofford, for a course offered by Dr. Wei Yan at Texas A&M University. It represents the
logic behind the Kaohsiung Stadium, designed by Toyo Ito, and can be reshaped to follow different
curves.

(Timothy Wofford)
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FIGURE 3.6 Constraints and parametric modeling. Values are exiracted from parametric dimensions and
used to compute other dimensions.
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A special case of parametric design is the faceting of a curved surface. Each panel may be unique
in dimension, angle, or curvature. Connectors and struts may also vary depending on the continuously
changing orientation of the surface. The description and definition of the elements for constructing the
surface may not be defined in terms of dimensions, but must be defined in terms of constraints, rela-
tions, and formulas. Figure 3.6 presents a triangular panel with a cutout that must adjust itself to the
size and orientation of the panel.

3.4 DIAGRAMS AND SEMANTICS

The theory of “graphic thinking” suggests that the architectural concept and composition are developed
through a process of abstract sketching and diagramming (Laseau 1989). Diagrams also have been used
to isolate concepts in the description of architecture after the completion of the design phase (Clark and
Pause 2012). Diagrams depend on either formal or ad hoc graphic languages that encode semantics into
line weight, line style, color, shape, and other attributes.

Drafting itself is a highly sophisticated diagramming language. Orthographic projections abstract
out one dimension so that scale is preserved in the dimensions that are parallel to the projection plane.
Conventions such as wall “poché,” dashed centerlines, thin hidden lines, and thick profile lines encode
additional information and help to suggest the third dimension in the two-dimensional drawing (Porter
and Goodman 1985).

BIM largely eliminates the tedium of drafting, drawing, and diagramming by enabling the creation
of rules to generate the graphics. Plans, sections, or elevations may be generated simply by placing a
marker to define the cutting plane, while three-dimensional projections such as isometrics or perspec-
tives can be easily composed by setting a camera or vantage point. Graphic conventions such as line

Floor 2.5
9.7

Floor2 &

11"
Spring line
7Tz

FIGURE 3.7 Elevation showing a profile around the edge of the structure. The subject is the Vanna
Venturi House, designed by Robert Venturi.
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style and weight, color, transparency, or wireframe representation may be set to focus attention on some
aspect of the design (Figure 3.7). Multiple images may be arranged on a sheet to overlap and compose
even more complex composite drawings. The set of rules to generate the drawing may be applied to
multiple views to enforce a graphic style and even be employed in multiple projects.

By introducing parameters onto objects in a BIM it is possible to interject explicitly the intended
experiential semantics of the design. Autodesk Revit provides commands to add parameters to any cat-
egory of element. Through the use of graphic filters, the parameters interact with the visibility graphics
settings to change the view of the model (Figure 3.8). Essentially, once the intended semantic content
is encoded into the parameters of the elements of the design, the software can generate a diagram that
highlights the semantic content of the design.

To illustrate this idea, works of architecture have been modeled in Autodesk Revit. By manipulating
the visibility/graphics settings and filters, view definitions were created to produce diagrams illustrat-
ing symmetry, circulation, indoor and outdoor relations, and private versus public spaces. Upon adding
parameter values from the standpoint of these semantic topics to the room elements, the software pro-
duces a standardized diagram of each work of architecture.

While at a most basic level, diagrams can be used to express the geometry and proportion of the
design, diagrams can also be used to express more emotional and associative semantics of the design.
This notion became more prominent in post-modern theory of architecture that emphasizes less the
rationality and functionalism of modernism and emphasizes more the interpretive and evocative quality
of a composition. For example, a diagram could highlight elements of a design that are quotations from
historical precedents or stations in a sequence of movement.

This method of diagramming arguably obviates the graphic thinking that diagramming is intended to
support. A counterargument is that the designer can think more directly about the semantic intentions

Floor Plan Symmetry Antiperspective Circulation Indoor/Outdoor

FIGURE 3.8 Diagrams produced with visibility filters in Revit. The subject is the Vanna Venturi House,
designed by Robert Venturi.
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of the design, and the computer produces the resulting diagram in a rigorous, objective way. The tech-
nique enables incorporation of aesthetic and expressive intent into the BIM. As the view definitions may
be saved as templates and shared, the approach also reduces or eliminates the differences among design-
ers in graphic ability. Many designs can be portrayed with the same graphic style. Perhaps the approach
factors out graphic quality so that it is more possible to focus on architectural quality in assessing com-
peting designs. As further research explores how best to model expressive semantics of architecture,
new capabilities will enable BIM to be better able to store and integrate this new content.

3.5 TYPES

The notion of building types is used widely in architecture. The International Building Code defines ten
basic occupancy groups and several subgroups for classifying buildings (ICC 2009). It also defines
five basic construction types that are also broken into additional classifications. Most design firms focus
upon a limited range of functional types. Architectural theory also considers formal types that may derive
from the shape of a building. Vernacular American houses have been distinguished into types such as
“1” houses, dogtrot houses, row houses, and plantation houses, among others (Holl 1983). Notions of
type and style are not fully differentiated. Many architects have established signature styles (Figure 3.9)

FIGURE 3.9 Signature styles. A constrained palette of materials and forms enables rapid design within a
signature style, such as the casa at Riva San Vitale, by Mario Botta.
(The model was done in Revit by Astrid Santos)
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that may even elevate to a new building type, such as Wright’s Usonian Houses, Gehry’s museums, or
Botta’s Ticino houses.

BIM systems are inherently organized by notions of type: A type designates a general concept
while an instance is a particular element that varies in limited ways from the type. Using terminol-
ogy from Autodesk Revit, one can also design and model a new “family” consisting of geometric
elements that are constrained in a particular way using parameters to represent geometric and non-
geometric attributes and relations. A type in Revit is a family that has been further constrained to
particular parameter values. Some parameter values may be unconstrained until the object is placed
or instantiated in the model. Families may include other families and control the parameters of
these “nested” families. Parameters may have values calculated from other parameters or computed
through a formula.

Carrying this system of parametric modeling further, a family can define an entire building, repre-
senting a building type. A limited palette of materials, assemblies, and components may be applied to a
parametrically constrained mass family to produce a composition that follows formal and constructive
rules. Figure 3.10 depicts a BIM that has been purged of all unused family types. Only the objects that
are used in the model appear in the project browser. The BIM can be used as a template for making new
compositions using the same palette of families.

Architecture in the future may be largely the result of instantiating building types that have been
represented in BIM (Clayton et al. 2012). At first acquaintance, this idea may imply a depressing same-
ness to building, but it may also promise a general improvement of quality. Furthermore, the threat of
sameness can be overcome by a profusion of variations and competing BIM templates.
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FIGURE 3.10 Project browser showing the families used in the model. The model depicts the Horiuchi
House, designed by Tadao Ando.
[Modeled in Revit by Nathanielle Sybico)
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3.6 CONCLUSION

This discussion presents a collection of small experiments using BIM to explore architectural theory.
However, it is also an example of how ideas from architectural theory have been progressively and
continually adopted into computational methods of design. Furthermore, computational methods drive
the development of theory, such as in the exploration of complex, curvilinear form through parametric
modeling, the generation of form through parametric modeling and scripts, the formalization of rules
for collaborating on shared models, and the integration of powerful performance analysis tools. In the
twenty-first century, learning about architecture requires attention to BIM. It should be evident that
BIM can be considered a repository of architectural knowledge made explicit through computational
devices of algorithms and data structures. While clearly BIM is not yet a perfect medium for designing
architecture, identification of what BIM cannot do suggests that further work is needed on formalizing
and making explicit architectural theory. Perhaps future BIM will answer the criticism with additional
capabilities.

Understanding and learning how to use BIM can be aided by situating the new knowledge within
architectural theory. For the experienced architect, the familiarity and comfort of architectural theory
can demystify the concepts expressed in BIM. For the student, discussion of architectural theory can
make BIM both more approachable and more intrinsic to education. Modeling with BIM may thus be a
way to stay in touch with the inspiration and meaning in architecture that originally inspired one to be
an architect.

DISCUSSION QUESTIONS

1. What are the parts of a classical temple such as the Parthenon, and how are they related to each other
in an architectural ontology?

2. Given the fagade of a building, how would you define the regulating lines of the composition?
Choose a facade and define the regulating lines. How does this relate to modeling in BIM software?

3. If you were to create a circulation diagram for a religious, ceremonial building, what items or
features would you highlight? Create an annotated circulation diagram of a well-known religious
building.

4. How could you use constraints and families to define a gas station building type? Search the Web
for “gas station architecture” to find some inspiration. Develop an ontology for gas stations: pumps,
canopies, lanes, restrooms, store, cashier station, and so on. Define dimensional constraints and
alignments to establish relations of parts to each other, such as to allow cars and trucks to align to
pumps. Draw and annotate diagrams to explain your answer.

5. Considering a curtain wall of glass, what are the parts or components of the assembly and what
relations do they have to each other?
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CHAPTER

Knowledge-Based Building Information

Modeling

Hugo Sheward, University of Missouri, Georgia Institute of Technology
Charles Eastman, Georgia Institute of Technology

4.1 THE POTENTIAL OF BUILDING INFORMATION
MODELING (BIM) TO CAPTURE DESIGN EXPERTISE

Design expertise is the result of years of design practice and learning from design problem solving.
Although some of this experience is based on the application of explicit rules or codes, design exper-
tise is also based on the development of a vast number of nondeclared rules that come from individual
experiences in solving particular issues (Eastman et al. 2011). For many architecture engineering and
construction (AEC) organizations, a huge challenge is the process of transferring this individual design
expertise through the entire organization and to reuse it to improve design processes within a company.

Having the capability of capturing and transmitting design expertise not only eliminates the need for
expert designers to be involved in every relevant project, it also allows for the reuse and optimization of
this knowledge, allowing for it be applied by novel designers. In traditional practice most of the reuse
of design expertise is based on a mentorship system. The process of capturing design expertise, if any,
is done by the generation of design guidelines or best-practice compilations. One of the problems with
the traditional model is that the application of these design heuristics is limited to the capability of novel
designers to learn them and apply them effectively.

Contemporary BIM tools offer an extraordinary potential for embedding a wide range of types of
design expertise in computational systems. Through the use of features such as parametric modeling,
object relational databases, and application programming interfaces (APIs), contemporary BIM can

43
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easily become a viable platform to rationalize and formalize design heuristics. This chapter shows differ-
ent approaches on how to use BIM software to support the capturing and deployment of design expertise
and to provide knowledge-based design assistances embedded in computational design environments.

4.2 "VANILLA BIM” VERSUS KNOWLEDGE-BASED BIM

BIM applications have produced a profound change in the way AEC organizations process designs. In
most cases this change is the result of the application of BIM technologies as an advanced tool for the
documentation of design data. The capabilities of contemporary BIM have the potential to improve
design processes by providing designers with timely design evaluation capabilities in knowledge-based
computational design environments.

BIM tools are transforming the way in which design processes are developed in contemporary archi-
tecture. They have given designers a great level of control over design change propagation, automated
drawing extraction, 3D modeling capabilities, automated material take-offs, and parametric behavior of
building components. BIM technologies have also allowed for better coordination and interoperability
across the AEC domain. In most cases BIM tools are used for these purposes, the traditional practices
in BIM or “vanilla BIM.”

Knowledge-based BIM is when BIM applications are used to carry design knowledge information.
This information has been made explicit in the form of design rules, parametric constraints, and/or
parametric objects. The implementation of knowledge-based BIM provides automated design support
without the need of either migration of design data to external assessment software or the presence
of domain experts to supervise design activities. There are two main areas in which knowledge-based
BIM is being currently used: to assess design requirements compliance and the automation of content
generation.

4.3 WHAT IS DESIGN EXPERTISE?

Designers deal with ill-defined problems (Eastman 1969). Designers learn by developing their own
strategies and rules of thumb to solve these. In most cases what separates novel from expert designers
is the result of years of practice and the development of these design heuristics. Often design knowl-
edge is not explicitly formalized and lives mostly in one individual, who is considered the domain
expert. The process by which design expertise is transferred to other designers has traditionally been
done applying a one-to-one mentorship model, which requires the direct contact between the novel
designer and the domain expert. This type of expertise transfer can take a long time to be completed.
When design organizations grow larger and one-to-one mentorship might not be possible, the neces-
sity for formalization of design expertise is commonly documented in what are known as design
guidelines.
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FIGURE 4.1 Macleamy curve.
[Adapted from Eastman et al. 2011)

4.3.1 Heuristics Applied to Design Processes

Design evaluation is an intrinsic part of any design workflow; designers continuously evaluate features
in their work. The evaluation is done regarding specific performance targets or compliance of domain
specific requirements. The noncompliance of the performance targets commonly produces new design
iteration. The later in the design process these revisions arise the higher cost will be to solve them
(Eastman et al. 2011).

For many AEC organizations, the effort then is to develop mechanisms to bring a wide range of
design assessment capabilities as early as possible in the design process (Sanguinetti et al. 2012). The
principle is based on the MacLeamy curve, which shows the relationship between BIM enabled design
processes, compared to traditional design processes (Figure 4.1). The curve shows how the rich seman-
tics of BIM can enhance the decision-making process in early stages of design and reduce the cost
of design changes, effectively enhancing the design workflows regarding the cost and the impact of
design decisions.

www.EngineeringBooksPDF.com



A6 Chapter 4 Knowledge-Based Building Information Modeling

4.3.2 Design Workflows and Knowledge-Based BIM

Although many design workflows incorporate the use of design assessment tools, most of the time these
are performed by using tools that are not part of the design environment (external tools), requiring design
data to be translated or even remodeled. The model for external assessment is not well suited for every
design phase and might be detrimental for the efficiency if the design workflow particularly in early stages
of design. Design variations can happen at such speed (sometimes in a matter of minutes) that the time
available to perform externally supported assessment is extremely limited. In most cases once the feedback
coming from external sources arrives, the design might have moved in a completely different direction.
Traditional BIM practices already support enhanced design workflows by providing semantically
rich models and better interoperability. Yet it still requires both that the designer includes all the data
necessary to perform the assessment and that the design data migrates to external assessment tools.
Knowledge-based BIM, on the other hand, not only brings the assessment capabilities directly in to

ASSIGN ATTRIBUTTES | [ COOLING LOAD ESTIMATION

OPEN FILE

LOAD INPUT FILE

?

Y

Laboratory SAC
HVAC space » SPACE NAME |_ E NAME

S
> % AREA -
attributtes AT VOLUME
I GUID

| SPACE NAME
AREA
VOLUME

GUID
MIN SUPPLY

DESIGN HEATING
VENTILATION
USSAGE SCHEDULE

[MAX TEMPERATURE |
RECATIVE HUMIDITY |

FIGURE 4.2 Automated attribute mapping.
(Sheward, 2012)
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the design environment (eliminating the need for data migration) but also implements mechanisms for
automatically enhancing the correctness of the semantic content of the model, in the form of predefined
parametric constraints (Eastman et al. 2011) or by applying automated attribute mapping (Sheward
2012) onto model objects (Figure 4.2).

4.4 CAPTURING AND DEPLOYING DESIGN EXPERTISE

The need for capturing and deploying design expertise is given by the need of and organization of
expand the use of the intellectual capital acquired through years of experience of a domain expert. The
possibility of capturing and reproducing this knowledge eliminates the demands on the single individual.
This section describes traditional practices developed for this purpose.

4.4.1 Capturing Design Expertise

The process of formalizing and capturing design expertise requires different types of efforts. It might be
the results of extensive studies of commonly accepted practices in a specific field as in the case of design
guidelines (Eastman et al. 2011) or the formalization of technical requirements, such as codes. Or it
might be the result of an organization’s effort to standardize their own practices or to make reusable
their expertise. Eastman describes how an organization captured and documented parametric variations
in Excel spreadsheets (Figure 4.3) that later were used to feed parametric objects in Gehry Technologies
Digital Project (Eastman 2012).

The forms of design knowledge being captured vary depending on the area of expertise being docu-
mented. For instance, in some areas of architecture, it might be the size of service areas in a building
regarding the usable square footage; in engineering, it might be the types of connectivity that a precast
beam might need to have when installed under particular conditions; or it might be even the result of a
combination of multiple forms of representation, which when combined represent complicated areas of
design knowledge (Kimura et al. 2004).

4.4.2 Embedding Knowledge in BIM

Unlike traditional CAD, where design data was mostly geometric in nature, BIM provides the potential
to extend semantic contents for building data. In these data structures, building objects can be associ-
ated with attribute or parametric information. These capabilities provide the potential for holding dif-
ferent types of design knowledge.

4.4.2.1 Userlevel Knowledge-Based BIM Implementation

Some of the functionalities capable of being embedded in BIM tools can be implemented by users
without knowledge of computer programming. These users can take advantage of BIM applications
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FIGURE 4.3 Parameter libraries’ documentation.
(Eastman et al. 2011)

capabilities such as parametric control of geometry, hierarchical building database queries (schedules),
and customized parametric objects (Sheward 2011). A combination of these forms of embedding exper-
tise described above can provide feedback regarding the performance of the design even in early stages
of development (Sheward and Eastman 2011). Even though different BIM tools might have different
mechanisms to customize their operations, the capabilities described above can be commonly found
among most BIM authoring tools.

4.4.2.2 Developerlevel Knowledge-Based BIM Implementation

Most of contemporary BIM applications support functional extensibility by providing what is known as
application programming interface (API). By using these expert users with knowledge in computer pro-
graming languages such as C#, C++, or Visual BASIC can create customized functions. The developer
can go as far as to create functions that might not be part of the BIM platform default configuration by
attaching proprietary geometric functions (Bernal and Eastman 2011) or by integrating external analysis
tools to the BIM environment (Sanguinetti et al. 2012).

The developer-level-based implementation can provide high levels of sophistication to the knowledge-
based BIM; its reusability is supported by the possibility of producing domain specific plugins.
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4.4.3 Example 1: Building Service Core

This section describes the use of design heuristics based on one AEC organization and the use of BIM
for the automated generation of design content in the form of parametric objects.

4.4.3.1 Background and Need

In order to develop a building core service, an expert provided a compilation of design practices that
described the formalization of parametric relations and constraints. These then had to be implemented
into usable parametric objects. The system informs designers of both sizing and drop off sequences for
service core units in high rise office buildings during massing studies (Figure 4.4). By embedding the
expertise developed in the design of service cores by a well-known architectural company, the developer

was able to automate the generation of the service core, allowing fast support of different typologies of
buildings (Bernal and Eastman 2011).

4.4.3.2 Implementation Methodology

The implementation of thi