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Preface

Building Information Modeling (BIM) has become a significant area of endeavor
in the architecture, engineering and construction (AEC) industry that has
transcended all disciplines. The models generated from BIM are being used for
analyses and design of buildings as well as infrastructure. The ability to integrate
schedule and cost data with the analysis and design process in BIM has made it a
very popular tool in the AEC industry. Harnessing the as of yet unrealized
potential of the full lifecycle use of the model by integrating it with the facilities
and asset management phases of buildings and infrastructure will eventually
maximize the benefits of BIM to the AEC industry and owners.

This monograph aims to offer a comprehensive overview of the recent
advances in the application of BIM across the AEC industry. The monograph
can be a useful reference for architects, engineers, contractors, building owners,
and facility managers, as well as for the students majoring in AEC disciplines.
Towards this end, the included chapters focus on BIM as a unified information
management tool; as a framework for structural design; in cost estimating; in an
adaptive Cyber-Physical System; in construction progress monitoring and control;
in project management; in green building project delivery; in owners' require-
ments; in commissioning and facilities management, integrated with Augmented
Reality; in military construction; and in model checking.

Chapter 1 presents the development of a BIM framework that aims to enrich
the design process by advancing the understanding of the relationship between
architectural and structural design in education. This chapter can be useful
reading for architecture and civil engineering students as well as for practitioners
such as architects and structural engineers.

Chapter 2 explores the relationship between BIM and current contractual
models. It identifies hindrances to BIM collaboration and presents a number of
key supporting mechanisms that may better facilitate meaningful early BIM
collaboration. Building owners, designers and contractors can benefit from
reading this chapter.

Chapter 3 focuses on the use of BIM for cost estimating and proposes
standards that define the information exchange needed between the design model
and cost estimator. The chapter can be beneficial for architects and contractors.

Chapter 4 proposes an adaptive cyber-physical system (aCPS) for project
monitoring and control. The aCPS collects real-time radio frequency identifica-
tion data about construction processes and resources and integrates these data into
BIM-based construction models. With the use of aCPS, project statuses are
tracked and aligned with project schedule in an interactive manner. This chapter
can be beneficial for contractors.
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Chapter 5 investigates BIM deployment within integrated construction
project management information systems (PMIS) by presenting five real-world
cases of BIM implementation in projects in the United States, Japan, and South
Korea. The cases were analyzed using the following parameters: project delivery
methods, engineering-procurement-construction (EPC) relationship, construc-
tion business functions, types of integration methods, and level of automation for
BIM usage. Contractors can benefit from reading this chapter.

Chapter 6 presents the development of an integrated green BIM process
model for BIM execution in green building projects. The model is based on the
BIM Project Execution Planning Guidelines. This chapter can be a useful reading
for architects, engineers, contractors, owners, and facility managers.

Chapter 7 explores the state of BIM deployment and execution among building
owner organizations by conducting a survey of primarily higher education building
owners. The chapter determines requirements for BIM deliverables and use of these
deliverables post-construction for Operations and Maintenance. Building owners,
facility managers, designers, and contractors can benefit from reading this chapter.

Chapter 8 presents a literature review of BIM for facility management in order
to determine current practices as well as directions for future research. This
chapter can be useful reading for building owners, facility managers, architects,
engineers, and contractors.

Chapter 9 proposes integration of augmented reality (AR) and BIM for
facility management. The chapter then discusses the technological transferability
issues in the process of deploying BIM and AR in the facility management process.
Building owners, facility managers, architects, engineers, and contractors can
benefit from reading this chapter.

Chapter 10 investigates the use of BIM for estimating in Military Construc-
tion projects. It also looks at technological initiatives and tools that can help
decrease the construction cost of these projects. This chapter can be beneficial for
building owners, facility managers, and contractors.

Chapter 11 presents BIM-based model checking by reviewing the model
checking principles, commercial model checking software, and model checking
practices used in the state-of-art companies. This chapter can be a useful reading
for building designers, contractors, and building permitting officials.

Chapter 12 presents development and validation of a domain-independent
facility control framework. The framework is based on Industry Foundation Class
Model View Definitions that were implemented in commercial available software
and balloted within the United States National Building Information Model
Standard (NBIMS-US V3). The potential readers of this chapter are facility
managers, architects, engineers, contractors, and building owners.

Chapter 13 presents analysis of 57 noteworthy BIM publications (NPBs) from
eight countries. NPBs are publically-available industry documents that incorpo-
rate guidelines, protocols, and requirements focusing on BIM deliverables and
workflows. The chapter organizes BIM knowledge, identifies knowledge gaps, and
offers directions for future research. This chapter is a useful resource for
researchers in the AEC industry.
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CHAPTER 1

Synthesizing Aspects and
Constraints of Structural
Design Using BIM and
a Proposed Framework
in Education

Nawari O. Nawari*

Abstract: Structure has always been one of the main ingredients of building design.
This is ascribed to the roles and meanings of safety, economy and performance of
buildings to the society at large. From early civilizations to the present, structures
have provided shelter, encouraged productivity, embodied cultural history, and
represented an important part of human civilization. Hence, for many, the subject
of structural design is frequently marked by complexity. In contemporary domain,
structure has acquired an independent personality, so that its own spatial and
aesthetic qualities are highly valued. At the same time structures must obey scientific
and engineering laws to be safe and sound. The separation between these aspects in
practice continued since the beginning of the Industrial Revolution, when structural
engineering has become a specialized field separate from architecture.

Building Information Modeling (BIM) is one of the most promising advances in
the Architecture, Engineering and Construction (AEC) industries that is signifi-
cantly affecting 21st century practice. Presently, the AEC industry is actively
informing their association members, stakeholders, etc., about BIM adoption.
However, at the core of all this BIM evolution is education.

This chapter considers the application of Building Information Modeling (BIM)
and develops a contemporary framework for synthesizing aspects and constraints of
structural and architectural design in education. The framework aims to enrich the
design process by advancing the understanding of the interplay between architecture
and structure. This relationship between structure and architecture is fundamental
to the art of building. It sets up challenges to the technical, scientific, and artistic

*Ph.D., P.E., School of Architecture, College of Design, Construction and Planning, University of
Florida, 231 Arch. Bldg., P.O. Box 115702, Gainesville, FL 32611-5702, Email: nnawari@ufl.edu
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realms that architects and engineers must resolve. Beauty is a subjective parameter
i.e., in the eye of the beholder, whilst the mathematical and experimental sides of the
structural design, controlled by norms are objective and factual. The method, in
which the resolution of such challenges is carried out, is one of the most critical
criteria for the success of a building design. The framework presented here focuses
on the resolution of such challenges by using BIM to enhance the tie between
architecture and structure as well as expanding the design vocabulary.

The framework combines various threads of knowledge; some may seem
contradictory and incompatible, to arrive at structural beauty and correctness.
The proposed framework will allow architects and engineers to applaud the fusion of
art and science and cultivate professional qualities to meet the demands of today as
well as tomorrow’s integrated practice requirements.

INTRODUCTION

Students of Structural Engineering and Architecture

Building structures have always been essential components of building design.
This is attributed to the roles and meanings of safety, economy and performance
of buildings to the society at large. From early societies to the present, buildings
have provided shelter, encouraged productivity, embodied cultural history, and
definitely represented an important part of human civilization. In fact, the roles
of structures are constantly changing in terms of shaping certain quantities of
materials to provide efficient support to the architecture against gravity and other
environmental forces (Addis, 2007). Also, from earliest times a sense of beauty has
been inherent in human nature; some buildings were conceived according to
certain aesthetic views, which would often impose on structures far more stringent
requirements than those of strength and performance. Thus, designing structures
is becoming deceptively complex as buildings today are also life support systems,
communication and data terminals, centers of education, justice, health, and
community, and so much more. They are expensive to build and maintain and
must constantly be adjusted to function effectively over their life cycle (Prowler,
2012). Hence, for many, the subject of structural design is frequently marked by
complexity.

Structural analysis courses at undergraduate level focus mostly on computa-
tion and understanding the principles of statics and strength of materials, without
stressing the importance of understanding conceptual behaviors of structural
systems and their aesthetic implications. Addis (1990) noted that at all times in
architectural engineering history there have been some types of knowledge which
have been relatively easy to store and to communicate to other people, for instance
by means of diagrams or models, quantitative rules or in a mathematical form.
At the same time, there are also other types of knowledge which, even today, still
appear to be difficult to condense and pass on to others; they have to be learned
afresh by each young engineer or architect a feeling for the structural behavior and
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their aesthetic functions, for example. Currently, in the education of young
structural engineers, educators have tended to concentrate particularly on that
knowledge which is easy to store and communicate. Unfortunately, other types of
knowledge have come to receive rather less than their fair share of attention
(Addis, 1990; Rafig, 2010).

On the other hand architectural students in the design studios are concerned
primarily with artistic expressions and philosophical description, independent of
the building as an organism and how it is constructed. Structure is not adequately
discussed and presented in their work. They apparently are not motivated by the
current way of conveying structural concepts and design processes (Schueller,
2007). The purely mathematical approach of the classical engineering schools is
not effective in architectural and building construction colleges (Schueller, 1995).
Thus, students of these schools are driven to consider themselves as artists or
contractors with less interest in scientific and engineering principles. However, all
artists must acquire mastery of the technology of their chosen medium, particu-
larly those who choose buildings as their means of expression.

The structure of a building is the framework that preserves its integrity
in response to external and internal forces. It is a massive support system that
must somehow be incorporated into the architectural program. It must therefore
be given a form that is compatible with other aspects of the building. Many
fundamental issues associated with the function and appearance of a building
including its overall form, the pattern of its fenestration, the general articulation of
solid and void within it, and even, possibly, the range and combination of the
textures of its visible skins are affected by the nature of its structure. The structure
also influences programmatic aspects of a building’s design because of the ability
of the structure to organize and determine the feasibility of pattern and shape of
private and public spaces. Furthermore, structures can be defined to control the
inflow of natural light; improve ventilation or many other functions that are
needed by the architectural spaces.

The relationship between architecture and structure is therefore a funda-
mental aspect of the art of building. It sets up challenges to the technical, scientific,
and artistic realms that architects and engineers must resolve. The method in
which the resolution is carried out is one of the most tested criteria of the success
of a building design. This issue has been recognized by many engineers and
architects such as Khan (2004), Addis (1991), Schueller (1995, 2007), Billington
(2003), Schodek (2004), and Sandaker(2008), Nawari & Kuenstle (2011), among
others.

A History of Structural Engineering and Architecture Synergy

Historically speaking, one of the oldest architectural structures dates back to 2700
BC when the step pyramid for Pharaoh Djoser was built by Imhotep, who is
considered the first architect and engineer at the same time in history known by
name (Davidovits, 2008). Pyramids were the most common major architectural
structures built by ancient civilizations due to the fact that the structural form of a
pyramid is inherently stable and can almost be infinitely scaled out linearly in size
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and proportion to increased loads. There is no record of any scientific or
engineering knowledge employed in the construction of pyramids during that
era. The physical laws that underpin structural engineering began in the 3rd
century BC, when Archimedes published his work, “On the Equilibrium of
Planes”, in two volumes. He used the principles derived to calculate the areas
and centers of gravity of various geometric figures including triangles, parabola,
and half-circles. Together with Euclidean geometry, Archimedes’ work on equi-
librium and his work on calculus and geometry, established much of the
mathematics and scientific foundation of modern structural engineering (Addis,
1992; 2007).

At the beginning of the 18th century advances in mathematics were needed to
allow structural designers to apply the understanding of structures gained through
the work of Galileo, Hooke and Newton during the 17th century. At that period,
Leonhard Euler founded much of the mathematics and many of the principal
methods, which allow structural engineers model and analyze architectural
structures. Specifically, he developed the Euler-Bernoulli beam equation with
Daniel Bernoulli (1700-1782) about 1750—which is one of the fundamental
theories used in structural analysis and design. A few years later, Euler (1757) was
able to drive the Euler buckling formula, which significantly advanced the ability
of engineers and architects to design slender columns. His buckling equation is
still one of the most fundamental equations used nowadays in various building
codes to design columns and walls. (Schuler, 1995)

In the early 19th century, new construction materials such as iron and
Portland cement played major roles in shaping the building design profession.
Much of the previous century’s practice tradition has had to be discontinued or
radically re-conceptualized. This method did not fit well within the ancient norms
of architecture and soon required a new type of training and education. By the
mid-19th century, many engineering schools across Europe and the US had been
founded and the modern engineering profession established. Hence, there was not
a split between architecture and engineering; rather, a new discipline emerged
alongside an older one. (Schuler, 1995)

In 1854 to 1872 Eugene-Emrnanuel Viollet-Le-Duc published important
contributions to the field of architecture: the ‘Dictionnaire raisonne de I'archi-
tecture francaise du Xle au XVle siede’ (1854-68) (Dictionary of French Archi-
tecture from 11th to 16th Century (1854-1868)), and the ‘Entretiens sur Iarch-
itecture’ (1863). Their impacts were enormous, both in Europe and in America.
Viollet-Le-Duc became the most prominent scholar to emphasis the importance
of structures in architectural design. He asked the question: “On what could
one establish unity in architecture, ‘if not on the structure, that is, the means of
building”. He also said “Construction is a science; it is also an art. The practice of
architecture means adapting both art and science to the nature of the materials
employed.” (Nervi, 1965)

Based on Viollet-Le-Duc principles, Pier Luigi Nervi (1965), an architect and
also an engineer, published his book “Aesthetics and Technology in Building.” in
which he places his design firmly on the tradition of Viollet-Le-Duc principles, in
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which architecture and structure are inseparable. In his book he insisted on that
architecture cannot be based only upon pure art and explained that structure be it
large or small must be stable and lasting, satisfying the needs for which it was built,
and must be efficient (achieving maximum results with minimum means). He
indicated that these are the criteria for good architecture. He also emphasized the
idea of employing the materials “according to their nature™. For instance, in
discussing the advantages of reinforced concrete, he stated: “Reinforced concrete
beams lose the rigidity of wooden beams or of metal shapes and ask to be molded
according to the line of the bending moments and the shearing stress”. He asserts his
views on the necessity for design to take account of the particular properties of
each material and to form or adapt it to a particular shape. These views can be
magnificently seen in his design of the Aircraft Hangers for the Italian Air Force
(1940), Stadio Flaminio, Rome (1957), Palazzetto dello sport, Rome (1958), and
the Cathedral of Saint Mary of the Assumption, San Francisco, California (1967).

Schueller (1995, 2007) approached the issue of the interplay between archi-
tecture and structure by emphasizing the engineering principles in architectural
education alongside the application of software tools in training architects and
engineers. Another viewpoint is the concept of “Structural Art” as described by
Billington (2003). This perspective considers structural engineering as a new art
form, which is parallel to but independent of architecture in the same way that
photography, that other new art of the 19th century, is parallel to but independent
of painting. Billington explored structural art in the 19th-20th century specifically
in Switzerland. He thoroughly reviewed the work of Swiss structural engineers
such as Wilhelm Ritter, 1847-1906) and Pierre Lardy (1903-1958) and four of
their students: Robert Maillart (1872-1940) and Othmar Ammann (1879-1965)
studied with Ritter, and Heinz Isler and Christian Menn with Lardy. Addis (1990,
1998,2001) shared similar standpoints as Billington in considering structural art is
a form of art that is parallel to but independent of architecture.

In the US, the work of Khan (2004) in the 70s and 80s represents a remarkable
contribution to the structural art and innovation with the introduction of trussed-
frames and-tubes, tube within tube, bundle tubes in high rise structural systems.
Structures such as John Hancock Center, Sears Tower and One Magnificent Mile
are important milestones in the history of buildings.

Sandaker (2008) considered structures as a part of architectural context. Thus,
the purpose of structure is not primarily that of the support function, but also
spatial harmony and enclosure organization. In his view, the main purpose of the
structure is to establish architectural spaces physically. It follows that the form of
structures must heavily consider the spatial functions and emphasize that an
understanding and appreciation of structures thus needs to be taken into account.

The proposed SAS framework in this chapter shares some similar views as
Sandaker (2008), Schueller (2007), Nervi (1965), and Viollet-Ie-Duc (1854, 1863);
however, it introduces an innovative framework to enable the resolution of the
challenges related to the conceptual linking and integration between architectural
and structural engineering principles. The framework hinges on building infor-
mation modeling (BIM) and the concepts of structural melody and poetry.
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This new framework focuses on how to engage the student’s imagination and to
use it no less creatively than a musician or artist producing ideas while at the same
time elaborates on structural analysis skills as well as on improving the ability in
handling cross-disciplinary interests.

BIM IN EDUCATION

Overview

Building Information Modeling (BIM) is a comprehensive information manage-
ment and analysis technology that is becoming increasingly essential for academic
education. AEC schools implemented a variety of pedagogical methods for
introducing BIM into their curriculums. They range from using BIM in architec-
tural studio, sustainable design, and construction management to Civil Engineer-
ing (Oniir, 2009; Sharag-Eldin et al., 2010, Barison et al., 2010; Sacks et al., 2010;
Wong et al., 2011). For instance, Oniir and Sharag-Eldin et.al described how BIM
is integrated into architectural curriculum. Sacks et.al (2010) introduced BIM as
an integral part of freshman year civil engineering education.

Several academic institutions have integrated BIM in their curricula, using
different approaches; however, there is no commonly agreed upon methodology
for teaching BIM in AEC programs (Barison et al, 2010). Most schools offer BIM
in only one to two different courses. Many courses limit their coverage to a short
period (one to two weeks) (Becerik-Gerber et al., 2011). Quite often, the BIM
course is limited to a single discipline in 90% of the cases (Barison et al, 2010).
The majority of schools introduce BIM on a basic level by teaching a specific
software tool, limiting their perspective on BIM to viewing it simply as another
CAD productivity enhancing tool for creating 2D and 3D drawings (Sacks et al.,
2013). However, BIM by nature goes far beyond digital drafting (Eastman et al.
2011). A comprehensive literature review on the subject can be found in the work
of Barison et al. (2010) and Sacks et al. (2013).

Since BIM is quite different from traditional CAD, it does require new ways of
thinking and teaching. For example, BIM facilitates collaboration and teamwork
across disciplines that must be incorporated in teaching BIM courses. Further-
more, BIM provides rich visualization of building elements and parametric
modeling of behavior, which can enhance students’ learning experience in virtual
construction such as understanding how building elements fit together just as they
must on a physical site.

BIM for Students of Structural Engineering and Architecture

With the recent technological advancements, engineers and architects have
smarter tools to create and analyze artistically efficient structural forms, and
demonstrate how load combinations affect the stability and behavior of a
structure. Specifically, Building Information Modeling (BIM) has the potential
to provide solutions to the issues addressed in the previous sections and advance
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different types of structural knowledge sharing objectives without compromising
their distinct requirements. BIM is a process that fundamentally changes the role
of computation in structural design by creating a database of the building objects
to be used for all aspects of the structure from design to construction and beyond.
Based on this collaborative environment a new framework is proposed to advance
structural design education. This framework is referred to as “The Structure and
Architecture Synergy Framework (SAS Framework)”. The framework explores
structural design as an art while emphasising engineering principles and thereby
provide an enhanced understanding of the influence structure can play in creating
form and defining spatial order and composition.

The Proposed SAS Framework

The history of architecture intermixes with the history of mathematics, philoso-
phy, and engineering at various levels. Designers have adopted concepts and
language from these disciplines to assist in their own discourses. The term
“Synergy” refers to the collaboration of multiple objects in a system to produce
an effect different from or greater than the sum of their discrete effects. In the
context of the proposed framework, it refers also to the essence or shape of an
entity’s complete form. In psychology, the term “Gestalt” is used in a similar sense
referring to theories of visual perception that the human eye sees objects in their
entirety (unified whole) before perceiving their individual parts. The phrase “The
whole is greater than the sum of the parts” is often used when referring to synergy
or Gestalt theories. Similarly, the SAS framework provides a useful language for
understanding the structure as a whole in connection to its close relationship with
architecture.

The Structure and Architecture Synergy Framework (SAS) focuses on the
interplay between architecture and structures and emphasizes a learning process
that is highly creative in nature. In this framework, the form of the structure is
constrained not only by its function, the site and the designer vision, but also how
it will work as a whole, and by the need to provide a rational argument and
calculations to justify expectations before the structure is being built.

The proposed framework concept aims to advance other types of structural
knowledge that centers on how to engage the student’s imagination and to use it
no less creatively than a musician or artist producing ideas. On the one hand,
structural correctness emphasizes the conceptual and quantitative engineering
sciences of the structural design. The framework combines various threads of
knowledge (see Figure 1-1), which may seem at first glance conflicting and
incompatible. These threads arise from many origins - an understanding of space
and human activities, scale, proportions, engineering sciences, knowledge of the
behavior of actual materials, and the construction process.

In structural design, an essential skill lies in choosing structural forms and
arrangement which manages to satisty, to varying degrees, many often incompati-
ble constraints, for example, satisfying architectural spatial and aesthetic works in
which the form substantially differs from standard structural solutions, such as the
need for large open space without columns intrusion. As with musician when
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Figure 1-1. Structure and Architecture Synergy Framework (SAS Framework).

composing music, this skill relies on a mixture of precedent, experience
and inspiration. For this purpose, the vocabulary and methodology will be
introduced using the concepts of “Structural Melody”, “Structural Poetry”, and
finally “Structural Analysis”. These are the main components of the proposed
framework along with building information modeling (BIM) as the framework
enabler. Figure 1-1 depicts an overview of this framework. Without the traditional
emphasis on first understanding beams, columns, footings, bearing walls, etc., two
dimensionally, using the laws of statics and strength of materials, the framework
emphasizes the building as a whole and create a three dimensional structural
systems using building information modeling tools and then develop them further
into an actual architectural solution.

BIM Concept

The structural design in education is standing on the brink of a new technology
that will transform the way structures are designed and constructed. The change is
more significant and more profound than the transition from hand computation
and drafting to computer aided design.

Building information modeling (BIM) is a process that fundamentally
changes the role of computation in the AEC industry (Autodesk, 2013). It involves
new concepts and practices that are so greatly improved by innovative information
technologies and business structures that they will radically reduce the multiple
forms of waste and inefficiency in the building industry (NBIMS, 2007). In this
concept rather than using a computer to assist producing a series of drawings
that together describe a building; the computer is used to create a single, unified
representation of the entire building so content-comprehensive that it can
generate all necessary construction documentations. The primitives from which
the BIM software composes these models are not the same ones used in traditional
CAD (points, lines, curves). Instead, the BIM application models with virtual
building components that hold attributed information about actual elements and
systems. Examples include trusses, columns, beams, walls, doors, windows,
ceilings, and floors. The software platform that implements BIM recognizes the
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form and behavior of these objects, so it can ease much of the tedium of their
coordination. Walls, for instance, join automatically, connecting structure layers
to structure layers, and finish layers to finish layers. Many of the benefits are
obvious—for instance, changes made in one view propagate automatically to every
other elevation, section, callout, and rendering of the project. Other advantages
include the ability to use the same model to interact with other applications such
as structural and energy analysis software (Autodesk, 2013).

As a general concept modeling, BIM deals with higher-level operations than
traditional CAD does. It deals with placing and modifying entire objects rather
than placing drawings and modifying sets of lines and points. At the same time,
BIM platforms allow one to do some standard drafting if needed. Consequently,
the geometry is generated from the model and is therefore not open to direct
handling (Autodesk, 2013).

Another important concept is that a BIM model encodes more than form; it
encodes high-level design intent. Within the model, walls and floors are modeled
not as a series of 3D solids, but as virtual walls and floors with material types and
properties. That way if a level changes height or walls change width, both of the
objects automatically adjust to the new values. If the wall moves, any floor that has
a relationship to that wall adjusts automatically.

Students must be introduced to these basics of BIM using one of the available
BIM authoring tools. This introduction can take about eight contact hours. The
last phase of this introduction is an overview of platform interface along with
emphasizing the comprehension of new concepts such as model element, catego-
ries, families, types and instances (see Figure 1-2). Phase 1 and 2 in Figure 1-2
cover the introduction to basics of BIM. In phase 3, a specific platform is chosen
and students learn more in depth about object-oriented modeling techniques. This
last phase normally takes a full semester.

Following the introduction, students can be engaged in learning about the
various analysis tools that integrate with BIM platforms. Some of these tools are
available as extensions to the basic versions of the software.

eHistorical Overview o i
|nteorated Pragtice Platform overview

«Categories
*Families
*Types
*Gridsand Level
*Framing plans
*Framing Elevations
* Sections
\t-Sheets and Schedules ¥,

e From 2D to BIM * BIM Collaboration

* BIM Concepts * BIM
Interoperability

1 = \_ o

Figure 1-2. BIM Introduction Blocks (Sharag-elding & Nawari, 2010).
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STRUCTURAL DESIGN FUNDAMENTALS

Common Attributes of Architecture

Throughout the US accredited schools of architecture and design are influencing
and educating the future generation of architects who may go to create the next
masterpiece. Their knowledge of many branches along with their judgment is the
practice and theory in architecture (Waldrep et. al., 2006). It is not this issue,
which is being called into question, but rather what is the current role of the
architect.

To understand the role of architects it is imperative to acknowledge their focal
points in design. For example, Salingaros et. al. (2006) suggests that architects may
consider “order on the smallest scale that is established by paired contrasting
elements, existing in a balanced visual tension; large scale order occurs when every
element relates to every other element at a distance in a way that reduces entropy;
the small scale is connected to the large scale through a linked hierarchy of
intermediate scales with various scaling ratios” (Salingaros et. al., 2006). One of the
overall objectives is to give rise to different experiences that users of a building
undergo. The practical functions such as the entry and exit, and circulations are
also influenced by the structural form and order.

The basic practices an architect of today would follow are appraisal, design
brief, concept and design development (Chappell et.al,, 2000). These actions
encompass understanding the needs of the client, an outline of the preparatory
work agreed upon by the architect and client, a sketch design to illustrate the
external public and private space, internal public and private spaces and appear-
ances as well as a final version showing a clear representation of the entire building
including components, materials and layout.

Common Attributes of Engineering

Engineering students are trained in understanding advanced calculus and numer-
ical methods for analyzing and designing buildings and other structures—they
know how to set up the analytical model and solve equations to get solutions to
verify safety and stability. However, they can lack the understanding of the overall
structural behavior of the building and its connection to other architectural and
construction aspects, and thus may use an abstract mathematical and analytical
model that imperfectly simulates reality (Addis, 1990). Furthermore, engineers
rarely have the opportunity to entertain engagement in aesthetic matters of
buildings. Their focus is relative to their discipline, whether it is structural, civil
or mechanical.

Also, engineers have their own set of preferred geometric forms which have
their origins in the mathematical models found in structural science. A wide-
flange I-section or an inverted T-shape are efficient cross-sections for a beam;
depending on the material and how it is manufactured, efficient cross-sections for
a column might be a solid circle, a tube, or an H-section. In order to use the
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minimum amount of material, beams and columns should taper as a parabola or
paraboloid from their centers to the end support points. Trusses need to be made
up of triangles, sometimes of identical shape and size, sometimes changing.
Suspension structures (cables and arches) feature catenaries or parabolas curves.
Shells are usually made in the form of paraboloids, hyperboloids or hyperbolic
paraboloids, but may also be elliptical, spherical, cylindrical or even have the form
of logarithmic spirals, and epicycloids (Addis, 2001).

In nutshell, through their education structural engineers are taught funda-
mental understanding of applied mathematics and the knowledge of behaviour
and science of materials under various loading conditions as well as theories of
structural analysis, which normally guide their motives in making design
decisions. However, structural design is not merely concerned with science,
mathematics and techniques, but also with space enclosure, scale and proportions,
nature and the environment, communication links for people and objects,
circulations, and after all aesthetic values and innovation.

Differences and Oversight Between Architects and Engineers

Simply stated architects and engineers have differing goals when approached with
a design. On one hand, architects are concerned with what they have been taught,
space organization and order, flow, circulation, occupants comfort, cultural and
social issues, and aesthetic impact. On the other hand engineers deal with
structural planning, safety and economy. As can be seen there is no clear overlap
or platform that would facilitate communication and coordination between the
disciplines. Accordingly, if a suitable method is utilized by both professions to
understand the interplay between these fields, more fluent, cohesive, and efficient
design process could be achieved.

BIM along with the SAS framework will assist in minimizing the oversight
between architecture and engineering due to its ability to specify the interaction of
architectural forms and features, structural stresses, section properties, material
strength, deformation, and performance based on type of connections and
boundary conditions using a single BIM model.

Structural Melody

The initial goal of structural meldody is to understand how linear, non-linear,
planar and volumetric structural elements can be orchestrated to create spatial
order in architecture using BIM tools. It is also the intention to develop this idea as
a holistic vehicle to introduce structural vocabulary, the hierarchy of structural
members and the interplay between architectural concepts and structural systems
such as exoskeleton, endoskeleton, stratification, transition, hierarch and, heart
of spaces. Structural melody deals also with the structural vocabulary such as
elements names and their order and hierarchy.

Structural melody introduces the language of structural design, and therein
introduces students to relationships between systems and details. It aims to
provide students with the basic vocabulary and grammar for expressing design
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Figure 1-3. Structural Melody.

ideas. Structural meldodies start incrementally from a simple 3D system and then
evolve into a whole architecural solution with lateral and vertical stratification.
Furthermore, using BIM tools, the flowing vocabularies are introduced:

« Grid lines and reference planes: Are essential lines in structural melody and
they are used to define the structural layout, and boundaries. Gridlines are
represented by doted lines with a buble at one end or both ends. The bubles
are utlized to number grid lines using digits in one direction (y-direction) and
letters in the other orthogonal direction (x-direction) (see Figure 1-3b).

« Foundation plans: This is a plan view at the foundation level.

 Framing plans: This is a plan view of the roof or floor showing the structural
support system at the floor or roof level.

« Framing elevations: This is a special elevation view that depicts structural
elements elevation view at a specific section line across the building.

These definitions are illustrated in Figures 1-3. This will facilitate the
understanding of the relationships between the 3D models and their two
dimensional representations. The hierarchy of the structural elements is also
introduced using 3D models similar to those given in Figures 1-3.

Structural melody also includes understanding various suport patterns de-
rived from basic linear, planar and non-linear elements and how these patterns
respond to the functional orgainization of the buildings. For instance, columns
and walls can be utlized to separate and reinforce spaces to allow for different
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Figure 1-4. Structural Melody: (a) Linear vertical support patterns. (b) Surface
support patterns. (Continued next page.)

activiites. Figures 1-4a and 1-4b illustrate some examples of structural support
patterns introduced and their spacial charcatersitics. These patterns in conjunc-
tions with the rules of thumb (defined next) provide the primary structural
instrument to determine the appropriate degree of fit between the functional
spaces and the structural support patterns.

Another important part of the structural melody is the rules of thumb for the
relationship between the sizes the structural elements and the space they define.
The followings are some examples of rules that are introduced to determine the
initial sizes of linear and planar elements (Schueller, 2007): The ratio of the overall
depth of a beam (d), a girder, or a planar element thickness (t) to the span of the
space (L) are as follows:
=10 for a cantilever beam and trusses; % =30 for a planar element

=20 for a non-cantilever roof or floor beam and trusses

AUl [l
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Figure 1-4. Continued.

Structural Poetry

The word poetry has its origin in Greek and means a making: forming, creating or
the art in which language is used for its aesthetic and evocative qualities in
addition to, or instead of, its notional and semantic content (Oxford Dictionaries,
2010). In other words, poetry is a fundamental creative act using language.
Similarly, structural poetry is a creative exercise to provide structural systems
using structural vocabulary and melodies in order to organize and stabilize
architectural spaces.

In a more general sense, structural poetry strives to develop structural
creativity and spatial thinking as well as to enhance the conceptual design abilities.
This allows one to develop an imaginative complex structural system without a
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thorough understanding of its individual components at the initial design stages.
Without the traditional emphasis on first understanding beams, columns, bearing
walls, etc., two dimensionally, using the laws of statics and strength of materials,
structural poetry utilize the power of Building Information Modeling (BIM) to
create three dimensional structural forms to satisty spatial, aesthetic and other
programmatic requirements.

In this approach a parallel can be drawn to language poetry to enhance
student’s comprehension. For instance poetry may use condensed or compressed
form to convey emotion or ideas to the reader’s or listener’s mind or ear; structures
can be formed using a few members in different form to provide certain aesthetic
and framework for spaces; it may also use devices such as assonance and repetition
to achieve musical or incantatory effects, similarly structures can be orchestrated
by repeating the same pattern of supports to achieve simplicity and elegance.
Poems frequently rely on their effect on imagery, word association, and the
musical qualities of the language used. Also, structures can use its form, orienta-
tion, type and quality of materials to impact the final design. The interactive
layering of all these effects to generate meaning spaces is what marks structural
poetry (see Figures 1-5 to 1-10).

Figure 1-5 shows the basic structural models or simply “Buildoids”. These
buildoids can grow horizontally and vertically to fulfill the desired programmatic
objectives using BIM tools. This process is similar to the natural growth of living
objects. For example, biological forms are hierarchical structures, made of
materials with elusive properties that are capable of change in response to
variations in local conditions. These systems are self-assembled, using small
primarily units (cells) to make whole structures. In addition, in most of these
multicellular organisms, growth is not only about the volume increase of a single
cell, but also about the multiplication and rearrangement of cells (Sinnott, 1960,
Bard, 1990).

This process is demonstrated in Figure 1-6 by depicting buildiods’plan con-
figurations to generate various spatial growth expressions. Figure 1-7 illustrates the
manifestation of this growth concept using buildoid shown in Figure 1-5c.

Figures 1-8 to 1-10 depict the development of the basic BIM model (Buildoid)
to define larger spaces by expanding progressively in the horizontal and vertical
directions. This illustrates how structural poetry provides various architectural
programmatic solutions using BIM tools. The ability of the BIM tools to capture
and analyse various architectural and structural attributed data associated with the
building components and their object-oriented modelling nature allowed struc-
tural poetry to achieve these solutions. Furthermore, in addition to using the same
model data to generate numerous expansion solutions, the BIM model can also be
sent to other structural and architectural analysis software platforms without
having to remodel the project. These content-driven and object-oriented model-
ling capabilities along with the interoperability feature make BIM tools superior
over traditional CAD tools in applying structural poetry. The last phase in this
growth progression shows complete structural and architectural components of
the building.
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(b)

(c)
Figure 1-5. Basic units (Buildoids): Examples of Structural Poetry.

Structural poetry is thus an art that is an integral part of building design,
which flourishes with engineering knowledge.

The variations of structural forms shown in Figures 1-8 to 1-10 depict various
architectural and structural fundamentals such as the idea of elevated floors,
cantilevers, simple trusses, frames, shear walls, bracing, two-levels of framing and
three-levels of framing, linear and non-linear frames, spaces established (interior,
exterior, private, and public spaces), lateral and vertical circulation, structural
hierarchy and organization, spatial order and aesthetics.



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

SYNTHESIZING ASPECTS AND CONSTRAINTS OF STRUCTURAL DESIGN 17

)

Starting Buildoid

(iii) Loggia

(iv) Community Space (v) Life supplies shop (vi) School
(b)
Figure 1-6. Examples of Buildiod plan organization and growth patterns.

To explore further creative activities, interaction with existing iconic struc-
tures can be conducted. Analogy is made here to musical composers who study
variations on musical themes by others or for poets or philosophers who
memories and learn about other great work to test their own contributions. Such
creative interaction with the work of other existing creative models can be a source
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Figure 1-7. Examples of Structural Poetry.

of ideas and can develop an understanding of how architecture interacts with
structural components.

Structural Analysis

After completing structural melody and poetry phases, BIM models are subjected
to structural analysis. Various analysis tools within BIM platforms are introduced.
BIM tools used in this phase are principally the beam, truss, frame simulation, the
load takedown, and the integration with Robot Structural Analysis. The load
takedown played an important role in introducing load path, load tracing,
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Figure 1-8. Progression in Structural Poetry.

reactions and constraints in building structures (see Figure 1-11c & 11d). Students
will be able to understand concepts such as tributary areas for beams, girders and
columns in visually interactive manner which can greatly stimulate the interest
and motivation to explore other analysis capabilities of the tools (Nawari et al.,
2011). The study can then be centered on more advanced topics such as non-linear
analysis and dynamic behavior using Structural Analysis tools that are fully
integrated with BIM platforms.

Teaching Methodology

To advance other types of structural knowledge, structural melodies and poetry
focus on how to engage the student’s imagination and to use it no less creatively
than a musician or artist producing ideas. On the other hand, structural analysis
concentrates on the conceptual and qualitative aspects of the structural perfor-
mance. The proposed framework seeks to emphasize the value of these knowledge
domains and specifically the interplay between architecture and structures as well
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Figure 1-9. Progression in Structural Poetry.

as the qualitative understanding of structural behavior. Furthermore, the frame-
work elaborates on improving student’s ability in handling cross-disciplinary
interests through use of building information modeling knowledge and other
related digital tools. By approaching structural design education in this manner,
several objectives can be achieved:

o First, students get exposed to the fundamentals of BIM at an earlier stage of
their current core curriculum.
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(iii)
Figure 1-10. Progression in Structural Poetry.

o Second, students will explore structure as an art and thereby gain an
understanding of the influence structure can play in creating form and
defining spatial order and composition.

o Third, BIM introduces students to the vocabulary and hierarchy of a
structural system, enabling structural decision making to be integrated early
in the design thinking process.

o The proposed framework establishes the notion that structural analysis
computation is primarily a tool to verify structural decisions rather than a
design strategy.
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Figure 1-11. BIM Structural Analysis Tools.

"pansesal swbu [l ‘Ajuo ssn feuosied 104 "30S YV WBUAdOD "8T/30/2T U0 ADOTONHOAL 40 ILNLILSNI NVISY Aq Bio ARiqijeose wouy pepeojumoq



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

SYNTHESIZING ASPECTS AND CONSTRAINTS OF STRUCTURAL DESIGN 23

o Finally, it initiates an attitude of understanding the interplay between
architecture and structural systems that should continue into the students’
remaining education and forward into their professional career.

TRAINING IN SAS FOR PRACTICIONER

Traditional Workflow

In a typical setting, in the US there are three types of design firms: strictly
architectural firms, architecture and engineering firms, and strictly engineering
firms. Quite often architectural firms specialize only in the design of buildings and
outsource engineering expertise. Architecture and engineering firms’ primary
competency is in architectural design, but they also employ structural engineers to
follow the initiation of a construction project and after approval of architectural
and engineering designs. Some of these firms spend most of their time coordi-
nating information exchanges and any additional input from owners, users,
fabricators, and general contractors (see Figure 1-12). Coordination efforts start
from the early phases of the project (conceptual design) to detail and fabrication
phases. They mostly communicate through sending back and forth 2D or 3D CAD
drawings and reports. Clearly, this current process (Figure 1-12) is highly
fragmented.

The National Institute of Standards and Technology estimates billions of
dollars are wasted annually due to this fragmentation (Gallaher et. al., 2004).
Furthermore, this fragmentation may lead to design disputes in form of deficien-
cies in details, inadequate coordination, and deviations in submittals, excessive
modifications, and failure of the design to meet budgetary or programmatic
requirements.
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Figure 1-12. Traditional Workflow in Structural Design.
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BIM Workflow and Productivity

Building Information Modeling, or BIM, utilizes cutting-edge digital technology to
establish a computable representation of all the physical and functional char-
acteristics of a facility and its related project/life-cycle information, and is intended
to be a repository of information for the facility owner/operator to use and
maintain throughout the lifetime of the structure (NBIM, 2007). It represents the
hub of software applications that streamline the delivery process of design,
detailing, manufacturing, and construction. BIM value as an integrator between
the technology tools used by various AEC trades and its computational ability to
manipulate the model directly, with or without human intervention is instru-
mental to improve productivity across the AEC industry. In a typical BIM-enabled
design process, the data model serves as the principal means for communication
between activities and professionals. Small and mid-size structural engineering
firms find that keeping up with such technology can be overwhelming if the firm
does not have a well-considered technology training and implementation plan. In
addition, structural engineers are continually being asked to do more for their
clients while at the same time meeting their production rate and cost.

In essence, application of BIM in the SAS framework will allow engineers to
explore projects in greater depth than ever before, because a single intelligent
model can be used to generate architectural models, analytical and computational
models, construction documents, explore building assemblies or constructability,
estimate costs, simulate building performance and even build virtual models using
the latest in prototyping. Figures 1-13 to 1-14 depict examples of BIM models
developed using the SAS framework to design a basic shelter for families living in
extreme poverty in Latin America. In addition to aesthetics quality and overall
minimum cost requirements, the design must confront the issues of heavy rain,
and wind forces, as well as control heat and light. The ability of BIM tools to
capture, analyze and communicate various architectural and structural details
enabled the application of the SAS framework to provide a feasible and effective
design solution (Figure 1-13). The successes of this design are derived from the
fact that main structural and architectural constrains are examined and resolved
using BIM data in conjunction with the SAS framework. The design provided also
offers rapid proliferation and expansion, which manifests itself at various scales.
The designed buildoid (Figure 1-13) can work on its own, or to work as a
clustering pattern. Additionally, these buildoids open to extend themselves into
any public spaces, while also allowing community functions (Figure 1-14).

This BIM-based design processes is fluid and collaborative. Elements of the
design, such as object properties, can be created by various AEC vendors and
manufacturers, and other licensed design professionals. The design may be self-
modifying, and to that extent, partially self-designed as in the case of a smart truss
objects that can change its member sizes in response to change in span or height.
The design deliverables may be a computer model or simulation, not only paper
drawings, and may be distributed between computer systems operated by different
participants. The complete design may exist in a space defined by the internet,
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(a) (b)
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Figure 1-13. BIM model showing design results using SAS framework.

allowing concurrent access to all participants (Figure 1-15). In short, this design
process is flexible, coherent and collaborative.
Some of the productivity benefits of BIM design workflow include:

« Single source of data

- Many of the problems that are associated with the traditional workflow
from the fact that various disciplines have trouble communicating with one
another—particularly regarding changes in materials, approach, and scope.
At its core, BIM facilitates the sharing of structural information among
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Figure 1-14. Expansion and growth using the SAS framework.

related disciplines and reduces the number of errors and omissions that
flow from insufficient coordination.

- This improved coordination will allow engineers to detect clashes earlier,
establish and adjust schedules more accurately and precisely and to save
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precious time from work coordination and improve design coherency and
productivity.

- Sharing structural details with fabricators and contractors.

- Transferring structure BIM model to the analysis software and the analysis
results are delivered back into the model - keeping analysis, design, and
documentation all synchronized.

- Enhanced quality of deliverables. With greater quality control of the struc-
tural design service, a higher quality product will be realized, and this will
result in an encouraging experience for future clients.

The technology for exchanging information using BIM standard has now
been established, but many areas require additional development before compre-
hensive interoperability solutions are reached. These areas include: extending the
scope to include a broader range of project information, for more types of projects,
and more types of information; developing the exchange mechanisms layer below
the data standards and the formalized transactions level above; developing the
range of software applications that implement model-based interoperability; and
re-examining structural project management practices based on new integration
technologies. Wood and masonry structures are examples of areas where more
efforts are needed to achieve reasonable interoperability with other disciplines.
Specifically, exchanging information about connections in wood, steel and
masonry for structural analysis still needs extensive development.

SAS Framework in Practice

Having a command of the analytical aspects of structural engineering profession is
certainly essential and fundamental, but many clients in nowadays competitive
market value other skill sets, like the ability to propose elegant design alternatives,
make good decisions, ability to embrace collaborative tasks, and the capability to
understand a project from client’s perspectives. The proposed Structure and
Architecture Synergy (SAS) Framework aims to provide such skills to practicing
engineers.

The proposed framework can infuse and enrich structural engineering
practice in a number of ways. First, young engineers who have taken courses
about the framework before graduating will have better collaborative experience in
handling cross-disciplinary interests using BIM and moreover understand the
interplay between architecture and structure in a more effective manner. These
will result in a considerable saving for firms with respect to training cost to acquire
such skills. In addition, these young professionals will have a positive impact on
productivity because of their deeper appreciation of the influence structure can
play in architectural tectonic, spatial composition and order, and aesthetic
qualities.

Furthermore, the proposed framework can be introduced in any AEC
workplace through various training options to improve creativity and productivity.
These may include self-study, web-based training, video, off-site training, seminars,
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Figure 1-16. Proposed Training Modules.

on-site custom training, and in-house training. Selecting the optimum training
method should be based upon the trainee background, budget, timetable, the firm
culture, and workflow. Ultimately, the choice between the different training
options, involves a trade-off between cost, time, realism, and other factors relative
to the firm in questions. Figure 1-16 below demonstrates one method for
introducing the proposed framework to AEC firms. It shows the gradual intro-
duction of the main components of the SAS Framework to the workplace. The first
course covers the introduction and BIM fundamentals. It may include, for
instance, topics such as differences between drafting and modeling, the data
model concept, understanding how the 3D model is built and shared in object-
oriented modeling environment, comparing traditional and virtual construction
techniques and identifying how virtual construction improves quality, reduces
cost and enhances performance. The second and third modules cover structural
melody and poetry respectively using one of BIM software platforms. The last
phase of the training deals with the application of BIM structural analysis tools.
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The success of the transition from engineering analytics to structural poetry
and vice versa is dependent upon proper implementation of the SAS framework
training. This type of training can be considered as a part of a holistic and
continuous approach to productivity improvement that spans technology, pro-
cesses and disciplines.

Practicing engineers and architects will benefit from the reciprocal knowledge
and skills provided by the proposed framework and round out their ability to
make significant contribution to their firms. Using the proposed SAS Framework
in this reflective mode would advance deep understanding of the structural design,
improve productivity and enrich the current practice.

CONCLUSIONS

Structural design in light of the recent advancements in object-oriented modeling
requires new ways of thinking and frameworks in both education and practice. As
noted by many researchers BIM education cannot be approached in a manner
similar to that implemented for Computer-Aided Drafting (CAD) (Barison et al,
2010 and Sacks et al, 2013). Skill sets needed for design with current BIM
technology are much different than the skill sets needed when design is done by
traditional structural design workflow. In the new process, the design model
developed in BIM will include all pertinent architectural and engineering design
information. Data flows from the BIM to the structural analysis and design
software with results coming back to update the BIM model. The AEC industry is
certainly moving towards integration of information available to various dis-
ciplines. The collaborative mode is becoming standard approach in the near
future. Only proper framework and training on this advanced data-sharing
technology will enable effective digital practice and higher productivity.

This chapter considers the application of BIM together with the proposed
Structure and Architecture Synergy (SAS) Framework to better synthesize aspects
or constraints of structural and architectural design through development con-
cepts of melodies, poetry and analysis in educational contexts. Structural melodies
develop a holistic vehicle to introduce structural vocabulary, the hierarchy of
structural members and the interplay between architectural concepts and struc-
tural systems such as exoskeleton, endoskeleton, stratification, transition, hierar-
chy and, heart of spaces. Structural melody also includes understanding the
various support patterns derived from basic linear, planar and non-linear elements
and how these patterns respond to the functional orgainization of the buildings.

Based on structural melodies, structural poetry strives to develop structural
creativity and spatial thinking as well as enhancing the conceptual design abilities
using BIM tools. At the center of this structural poetry are the concepts of buildoid
and natural growth. Similar to multicellular organisms in nature, growth is not
only about the volume increase of a single entity (buildoid), but also about the
artistic multiplication and organization of buildoids.
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BIM tools were used as the primary instruments to apply the SAS framework
in structural design education for advancing other types of structural knowledge.
These kinds of knowledge centers on how to engage one’s imagination and to use
it no less creatively than a musician or artist producing ideas. At the same time, the
SAS gives emphasis to structural correctness and the quantitative engineering
sciences of the structural design. In contrast to the traditional structural design
education that focuses mainly on the computational aspects, the SAS framework
combines various threads of knowledge; some may seem contradictory and
incompatible, to arrive at structural magnificence and correctness utilizing the
data management and analysis capabilities of BIM. Furthermore, the SAS frame-
work establishes the cross-disciplinary knowledge that promotes effective collab-
oration between architects and engineers in a BIM design environment.

Structural engineers and architects need explicit training on this new inte-
grated multidisciplinary design model for the era of real-time team collaborative
design workflow.

The proposed SAS framework will allow engineers and architects to learn
about the union of art and scientific laws, collaborative thinking, and cultivate
professional qualities to meet the demands of today’s as well as tomorrow’s
integrated practice requirements. It is a marriage in which science and aesthetic
combine to fulfill some of the most basic physical and spiritual needs of humanity:
safe and appealing shelters.
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CHAPTER 2

BiIM-based Model
Checking (BMC)

Eilif Hjelseth*

Abstract: This chapter presents Building Information Model (BIM)-based model
checking (BMC). BMC is often referred to as one of the major benefits in utilizing
BIM, where everyone can perform compliance checking and design coordinating.
Wide use of BMC software in BIM-based projects should therefore be expected. This
study is based on a broad approach, ranging from exploring principles of model
checking to practices in state-of-the-art companies, in addition to reviewing
commercial software. Outcomes indicate that functionality in commercial software
covers requirements for model checking in projects based on the use of simple rules
and unspecified content of information in the BIM-file. Improved collaboration
based on coordinating merged BIM-files and automatic clash detection was
regarded as the main benefit. BMC was regarded as a part of company quality
assurance systems for model coordination. Wide use was not observed, and the use
of BMC software was regarded as a specialist tool operated by a limited number of
users. This study indicates a potential for the further development of rule sets and
procedures for trustworthy compliance checking. In this respect, BMC can be
regarded as a catalyst for the exchange of high-quality BIM for cross-disciplinary
collaboration. Utilization of BMC can be an indicator of BIM-maturity.

INTRODUCTION

BIM-based Model Checking (BMC)

BMC is the process which processes the content of information in BIM-files
according to rules specified as pre-defined procedures. The components in BMC
consist of three components: software, rule sets, and BIM-files. This division into
the components enables to focus and improve each of the components — and the

*Department of Mathematical Sciences and Technology, Norwegian University of Life Sciences
(NMBU), P.O. Box 5003. NO-1432 Aas, Norway; Phone (+47) 64 96 54 00; Fax (+47) 64 96 54 01;
email: eilif. hjelseth@nmbu.no
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relation between the components. BMC is therefore not only solved by buying
software and hit the ‘checking’ button.

BMC is perhaps one of the best ways to illustrate the power of relevant
information in BIM-files. Model checking explores the content of information in
BIM-files in a transparent way. Statements like improving the BIM by enriching
the model and increasing the amount of information are not valuable unless the
information is relevant for the information required to process the rule. The rule
must also be relevant for what one intend to check. The development of new rules,
or adaptation of existing rules, is often required.

This aspect can also be used to illustrate the distinction between BM (Building
Model/3-D model) and BIM with a focus on the ‘I in BIM’, where I stand
for information. The BIM community is in its expansive phase, and proponents
are claiming that BIM in general, and model checking in particular, will be a
game changer. The approach in this chapter tries to be more balanced. The
opportunities are great, but this requires a high degree of input of relevant
information from BIM-files and advanced, precise rules for processing. The
maturity level in exchanging BIM-files with a highly specific content of informa-
tion is currently low.

Structure of This Chapter

This chapter has a broad scope and is structured into several parts. The first part
provides examples of BMC. The importance of BMC is documented with
reference to several studies. This part also intends to give the use of BMC a
position as something more than being skilled in use of software. Organizational
aspects must be taken into account. The second part introduces principles and
classification in the use of BMC. The close relation to BIM is included in this part.
The third part gives an overview of commercial BMC software. BMC has a
number of aspects, and the final part explores what can be checked - and what
cannot be checked. This part focuses on the important development of rule sets for
enabling advanced model checking. It includes a study of state-of-the-art compa-
nies in Norway as well as their experiences and suggests future development.

EXAMPLES OF BMC

Clash Detection

Use of BMC, or model checking, is often used synonymously with clash detection.
Clash detection is a useful way to demonstrate the benefits of BIM in model
checking software, such as Navisworks from Autodesk or Solibri Model Checker
from Solibri. Clash detection in the BIM is one of the most common ways to
demonstrate the practical uses of BMC. BMC replaces or supports the traditional
quality assessment of drawings. Quality assurance (QA) is a key aspect in BMC.
Figure 2-1 shows an example of a conflict between a structural beam and a
ventilation duct.
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Figure 2-1. Clash detection by use of Navisworks software (Courtesy: Navisworks
2013).

This important issue would probably have been detected by visual checking.
The benefit from BMC is often more significant if the issues are many, small, and
hard to visually identify. BMC testing gives identical results every time it is
processed and has a higher reliability (quality) than visual inspection.

One practical problem of automatic clash detection is that it can provide too
many false issues. The QA responsible must then spend time sorting relevant
issues from non-relevant issues. BMC software has features to handle this in an
efficient way. The background for this over-reporting is the attitude that it is better
to report ten times too many issues than miss one issue. The technical background
is that the rules for clash detection are coarse, and the precision of information in
BIM files is not specific enough.

However, BMC can be used in a large number of tasks. The ‘BMC = clash
detection level’ can be more like a plateau — a comfortable level to stay within
without seeking solutions above that level. BMC has an unrealized potential for
solving new types of problems in new ways. This future-based aspect is covered
later in this Chapter.

Smart BMC

The general challenge for BMC, and particularly clash detection, is massive
reporting of non-real issues — which has to be dismissed manually. Model-checking
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Figure 2-2. Rule-based reasoning used to assess impact of rule violation, case:
wall-pipes interference (Courtesy: Solibri 2010).
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Figure 2-3. Rule-based reasoning used to assess the impact of rule violation, case:
pipes of different diameter (Courtesy: Solibri 2010).

software has a function for marking the issues as not relevant. Severities of issues
are often graded by degree of deviation from the rule constraints, not from
technical or economic impact. The information in the BIM file enables BMC
software to grade the issues by other criteria, like the type of wall. Figure 2-2
illustrates reasoning to assess the impact of rule violation. Interception of a
structural wall may be critical while an architectural wall may be cut without
severe impact. In a proper object model, the wall type will be derived from the class
of the wall object.

Figure 2-3 shows examples of ‘Critical’, ‘Moderate’ and ‘Low’ severity issues.
Interference between small pipes is considered low severity since that is possible to
fix on site. Rule-based reasoning contributes significantly in addressing the most
relevant issues first and when required. However, it is not always obvious that
small pipes are easy to move. An example is pneumatic dispatches in hospitals,
for which bends are to be avoided. Rule-based reasoning can improve model
checking.

BMC Software as Coordination and Reporting Tools

Coordination of models from different disciplines in the design and construction
process is an important feature of BMC. BMC software such as Navisworks and
Solibri have features for merging BIM-files into a single common coordinated
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model. Reports can be exported in PDF, XLS, or BCF format. The BIM
collaboration format (BMC) introduces a workflow communication capability
connected to IFC models. The idea is to separate communication from the actual
model. The BCF format is based on XML (Stangeland 2011).

ADOPTION OF BMC IN THE CONSTRUCTION INDUSTRY

High Expectations in the Construction Industry

Eastman stated in the status report from McGraw-Hill Construction (2012) that
model checking is the most important current BIM requirement to effectively
advance the industry, followed by improved interoperability. Increased model
quality with correct solutions is a great motivation for using BMC. Another
rationale for model checking is to provide models free of issues so that data can be
trusted when used in other software and processes.

A study from the AutoCodes project (Fiatech 2012) in the International Code
Council (ICC) illustrates that manual checking gave uncertain answers. The
number of issues flagged by various jurisdictions differed widely. When one
jurisdiction raised one single issue, another raised 43 issues. A lesson from this
study is that what is manually checked or not checked is actually undefined.
Sawyer (2012) expressed that analysts only know what they found in a manual
review, but did not really know what they actually looked at in the review. BMC
processes pre-defined rules, so the scope of review is determined by the selected
rule set. One consequence is that a situation which lacks rules will not be checked.
Knowing the scope of all rules in a rule set is important for a trustworthy review.
A survey of 139 projects indicates that design issues increased direct costs by
6.9% and indirect costs by 7.4% of the total contract value (Lopez and Love 2012).
A study by Conover (2007) showed that on average, 3% to 5% of the design time of
a construction project is currently devoted to code-checking, and even then, not
everything is checked.

Status reports from McGraw-Hill Construction (2012) point out more clearly
defined BIM deliverables between parties as one of the five top-rated areas for
improvement. High-quality BMC can be a deliverable. A more pervasive benefit of
BMC is presented in a video from the AutoCode project by Fiatech (2013). This
video illustrates that time spent on code checking can be reduced from months to
minutes. ICC board president Ronald Piester says that automated code checking
helps reviewers focus on the core tasks of code compliance and speeds up the
permitting process. Piester says that this innovative technology will provide
comprehensive and consistent results from project to project across jurisdictions
and allow code officials to dedicate more time to safety issues, inspections, and
other important duties (Fiatech 2012). Architects on average spend almost 50
hours per project on code checking, and 11% spend more than 100 hours.
Approximately 85% of architects are positive about working with model checking
software to support the code checking process (McGraw-Hill Construction 2007).
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Public Services and BMC

Building authorities look at BMC as a concept for the automatic processing of
applications. This type of validation requires transforming regulations into
computable rules for processing building permit applications. So far, only a
limited number of projects have been completed, but this is expected to change
significantly in the near future. An international state-of-the-art survey by Refvik
(2013) identified projects in Korea, Japan, and further development of existing
solutions in Singapore, the UK, and Norway. BMC was reported to be included in
future solutions but was currently not a part of the verification of applications. The
existing solutions were based on verification of application forms filled in
manually. This chapter does not focus on software solutions for public purposes
since most countries will develop their own software solution for processing based
on national requirements. These types of software solutions will also include a
large number of administrative services in addition to compliance checking based
on input from BIM-files and other sources. Use of commercial software will
therefore not be relevant for these types of solutions. BMC was intended to be
solved by use of model server technology.

According to Shih et al. (2013), public authority provides a foundation for the
development of code-checking systems using BIM to assess compliance with
building codes. Not only do code checking systems have the potential to enhance
designers’ awareness of building codes, but they also have the potential to improve
collaboration and communication among project stakeholders.

PRINCIPLES OF BIM-BASED MODEL CHECKING (BMC)

The Components of BMC Systems

A BMC system consists of three parts: software, BIM files, and rule sets. Figure 2-4
illustrates the integrated relationship between logic in a rule set, the content of
information in a BIM file and functions in model checking software.

o Software includes the service and function enabling import of BIM files,
processing of rules, visualization and reporting of issues. An overview of
software is presented later in this chapter.

o The quality of the BIM file, measured as the structure and content of relevant
information, is of high importance for reliable model checking. This must
comply with requirements in the rule to avoid the ‘garbage in-garbage out’
syndrome. BIM guidance and similar specification of content in the BIM file
can be used to address the specification of information.

 Rule sets are collections of rules within one topic, such as BIM validation
(clash detection), space validation, identifying updates between different
versions of the design, comparing the structural versus architectural model,
MEP solutions, and content in BIM file (Statsbygg BIM guidance). Today, the
rule-set is a part of the commercial software package. It is often possible to



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

BIM-BASED MODEL CHECKING (BMC) 39

Functions in checking software

Figure 2-4. Development of BMC solutions illustrated as interactions between rule
set, BIM file and checking software.

Information
from BIM file

Fail Pass

Figure 2-5. Principle of BMC.

update and change the embedded rule set to adapt to requirements in the
project. A separate study of rule set for content checking is presented in the
‘Survey of automatic checking of Statsbygg’s BIM requirements’ section.
The AutoCode project from Fiatech (2012) can be regarded as an example
of the separate development of rule sets.

Logic in BMC

A rule is basically a simple logic question answered with ‘Yes’, ‘No’, or ‘Not
checked’ if not activated due to missing information. The flow is illustrated in
Figure 2-5. BMC uses information (geometry, text, numbers, and relations) from
the BIM file as input for processing the rules. An example of checking would be:
‘Check if the door width is equal to or more than 800 mm’. If the BIM file contains
information about a ‘door object’ with a property named ‘door_opening_width’
(also used in the rule) with the value ‘800 mm’, then the result is ‘Pass’. If the value
is ‘750 mm’, the result is ‘Fail’. If the BIM file does not contain information about
the property ‘door opening width’, or this is specified as ‘width-of-door’, then the
outcome is ‘Not checked’. Exact correspondence between content of information
in the BIM file and required information in the rule is essential.



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

40 BUILDING INFORMATION MODELING

BMC in Authoring (Design) Software

BMC does not have to be done in separate software. Object-based or BIM-based
software has embedded rules for model-checking. These rules are, for example,
that a door or window must be placed in a wall, or that a wall cannot start or end
in a door or a window. However, further development of design rules can be
regarded as part of the BMC concept.

Modelling Practice—Content and Structure in BIM Files

Another example of poor modelling is a stair modelled as a number of small slabs.
This influences quantity-take-off and model checking, but not necessarily the
visualization. The quality of information, regarded as correspondence between the
BIM file and rule, is addressed in this chapter. Information in BIM can be adjusted
by the classification functionality in the model checking software or by adding
objects and/or attributes in the BIM authoring tool (e.g., Revit, ArchiCAD, and
others), and then redoing the BMC.

CLASSIFICATION OF BMC

Harmonized Understanding of BMC

BMC can be used as a wide and inclusive term, enabling BIM to cover both simple
clash detection and the advanced code compliance verification processes. Compli-
ance checking, rule checking, code checking, clash detection, collision control, and
validation control are used as synonymous terms for model checking, but without
further specification, precise and joint understanding can be hard to achieve.
To support joint understanding, the following two frameworks are introduced:

o Framework: The four types of model checking concepts
Model checking is not a clearly defined term. It is primarily understood as
clash detection or compliance checking, but this understanding limits the
scope of model checking. Table 2-1 from Hjelseth and Nisbet (2010) presents
a framework, which extends the use of model checking into four main
categories based on intention and type of result.

A) Compliance model checking. This is the “default” understanding of BMC
(and therefore important to be aware that this is not the only one). This
type of checking is based on comparing the model with pre-defined
criteria. An example of this type of rule says that a minimum acceptable
door width is 800 mm or more. Compliance is reached if the minimum
width is larger than required width.

B) Guidance. The intention of this concept is to guide the designer to
consider a larger range of most-used solutions according to best practice
rules. This is particularly relevant in spheres where the designer is not an
expert. The checking is based on two elements: rules which identify the
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Table 2-1. Framework for model checking concepts (modified version based on
Hjelseth and Nisbet 2010)

Intention with model checking Checking Result

A) validating compliance Compliance pass/fail

B) guidance to technical solutions Guidance proposal

C) adaptation of objects Intelligent objects  adapted object
D) validating content of information Content present/missing

®)

D)

situations where problems occur, and a presentation of a list of possible
solutions. This type of checking is closely related to best practice a
decision-support systems, but so far this concept has not been imple-
mented within the construction industry.

Adaptive model checking. Active objects or intelligent objects are an
alternative description for this type of checking. The intention is to let
the object itself register its environment and then adapt automatically by
following embedded behavior rules. Adaptive model checking can be
divided into object adaption and system adaption. One example at object
level implemented in most BIM authoring tools can be a rule that says
you must always place doors or windows in a wall. This, and likewise
features, are implemented in most BIM authoring software. One exam-
ple at the system level could be if the building shall comply with
accessibility regulations, all door widths have to be adjusted to be a
minimum of 800 mm.

Content checking of information in BIM file. Content checking can be
regarded as a declaration of delivered information. The intention here is
to examine the BIM model for a specific purpose. The filtering rules can
be used for reporting relevant information. The information can be
further analyzed in BMC software, spreadsheets, word processors, and
databases in flexible ways. The use of Construction Operations Building
Information Exchange, COBie (East 2013), can be regarded as a light
variant of this type of model checking. An example of implementation is
presented in the ‘Study of degree of automatic processing of Statsbygg’s
BIM requirements’ section later in this chapter.

o Framework: Taxonomy for classification of BMC maturity

BIM based model checking can be from simple clash detection as supplement
for manual checking, to checking of multiple integrated models who replace
manual checking. However, it is so far not established a joint terminology that
states level of model checking, and this make it difficult to understand the extent
in use of BMC. This chapter presents a framework to determine level of BMC.
Research by Succar (2009) about BIM maturity has been used as framework for
development for the five level BMC maturity model. An overview of the five
levels and corresponding description is presented in Table 2-2.
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Table 2-2. Levels of BMC maturity

Level

Description

Level 5
Level 4
Level 3
Level 2
Level 1

pervasive model checking
integrated model checking
specific purpose checking
adjusted model checking
clash detection checking

Note: This framework for BIM maturity covers type A) validating compliance checking and checking
of type D) validating content of information from previous section.

These five levels are used as label for classification of BMC maturity. The
taxonomy for classification of levels of BMC maturity is based on two criteria
(taxa):
« content of information in the BIM file (increased ‘the I in the BIM’)
« complexity in the rules/rule set (increased intelligence in the rules)

The relation between these two criteria is illustrated in matrix in Figure 2-6.

Increased of content of information

y

N

Specific purpose
checking

Standard software
Adding specified values
to existing properties in

Integrated model
checking

Adding values
according to
specifications in new

Pervasive model
checking

BIM of multiple
integrated models
Compliance checking

Standard software
Adding values for
existing properties in

BIM-objects properties in BIM objects | with wide scope
Advanced content Advanced content Dedicated rule sets
checking checking Replace manual
checking
Level 3 Level 4 Level 5
Adjusted model Specific purpose Integrated model
checking checking checking

Compliance checking
of specified scopes
Compliance checking of

Adding new properties
and values according to
specifications of new

Geometric checking of

interference

Default values, no

adding of values to

properties

Support manual checking
Level 1

BIM objects dedicated domains BIM objects
Level 2 Level 3 Level 4
Clash detection Adjusted model Specific purpose
checking checking checking
Standard software Standard software Guidance Standard

Adding values according
to specifications in
existing properties in
BIM objects

Level 2

software adding new
properties with values to
relevant BIM objects

Level 3|

Increased complexity of digital rules

Figure 2-6. Classification of levels of BMC maturity.
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Table 2-3. Overview of BIM-based model checking software

Software Link for more information
Commercial Autodesk http://www.autodesk.com/products/
Navisworks autodesk-navisworks-family/overview
Manager
Bentley http://www.bentley.com/en-US/
Projectwise Products/ProjectWise+Navigator/
Navigator
Commercial more developers-no one listed
BIM-servers
dRofus — Nosyko  http://www.nosyko.no
Solibri Model http://www.solibri.com
Checker
Free BIM-viewers http://www.ifcwiki.org/index.php/
Free_Software
Open source http://bimserver.org
BIMserver

Tekla BIMsight http://www.teklabimsight.com

The level of BIM can be classified based on content of information and
complexity in the rules. Classification into middle levels; 2, 3 and 4, of maturity
can be achieved by with variation of the two criteria. Which of the criteria is
highest will be related to the use in projects. Benefit from use of BMC can be
achieved from level 1.

BMC SOFTWARE

Overview of Software in the Study

The history of BMC is closely related to the development of BIM in general and
specially to openBIM using the IFC format. The development of BMC software is
therefore fairly new, with an increasing number of software developers. The
Autodesk product that Navisworks has used for over ten years for clash detection
uses input from various formats. Solibri can be regarded as the first true openBIM-
based model checking commercial software accepted in the market. Table 2-3
gives an overview of some BIM-based model checking software.

Overview of Functions in BMC Software

Table 2-4 gives an overview of functions in BMC software. The overview does not
test the quality or user friendliness for the software functions. This is not a test
ranking the best software, as this depends on the purpose of checking.


http://www.autodesk.com/products/autodesk-navisworks-family/overview
http://www.autodesk.com/products/autodesk-navisworks-family/overview
http://www.bentley.com/en-US/Products/ProjectWise+avigator/
http://www.bentley.com/en-US/Products/ProjectWise+avigator/
http://www.nosyko.no
http://www.solibri.com
http://www.ifcwiki.org/index.php/Free_Software
http://www.ifcwiki.org/index.php/Free_Software
http://bimserver.org
http://www.teklabimsight.com
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SURVEY ON AUTOMATIC CHECKING OF RULE SET

Content and Development of Rule Sets

Khemlani (2011) points out that rule sets are the cornerstone of BMC. The
International Code Council (ICC 2009) presented SMARTcodes as the “Tools of
Today and Tomorrow” in 2009. The concept of intelligent codes (SMARTcodes) is
an initiative of the ICC in coordination with the buildingSMART Alliance. The
objective was to automate a code compliance check, which takes the building plan
as represented by a building information model (BIM) and instantly checks for
code compliance via model checking software. This project ended in 2010 due to
lack of funding (Refvik 2013).

The proof-of-concept report from the AutoCode project in March 2012 by
Fiatech indicates that this aim is still relevant. ICC and Fiatech are committed to
completing this long-term project’, said ICC CEO Dominic Sims. Using technol-
ogy for code checking is a win-win for the jurisdiction, designer, and property
owner, according to Fiatech (2012). This project was highlighted in the study by
Refvik (2013) as an important contribution for the development of computable
rules. Projects like AutoCodes can therefore have significant importance for the
development and implementation of digital rule sets in BMC software. The market
for rule-set is currently limited as it was with BIM objects (windows, doors, and
furniture) some years ago.

Developers of BMC software offer different packages adapted to design and
professional disciplines. There are a number of barriers, such as no standardized
procedure for converting design rules and regulations into digital rules. BIM
guidelines are mainly developed by national organizations like GSA (2007) and
NBIMS (2012) in the US, BSI (2013) in the UK, Senate (2012) in Finland, CRC
(2009) in Australia, and Statsbygg (2011) in Norway.

BuildingSMART International has developed a number of specifications for
content in BIM files called Information Delivery Manuals (IDM 2013). The
American Institute of Architects has established the ‘Level of Development’ (LOD)
as a useful framework for specifying required information (AIA 2012). Due to
their focus on specific information, these types of specifications act as a foundation
for developing rule sets. Statsbygg has also taken the initiative to develop a rule set
in the Solibri Model Checker based on their BIM guidance version 1.2. This
initiative is presented in the next section.

The following ISO standards can be used for advice or as guidance in the
development of digital rules. ISO 29481-1:2010 Building information model-
ling - ‘Information delivery manual - Part 1: Methodology and format’
(ISO29481-1: 2010) presents principles for business rules and validation rules
in Clause 5. ISO TS12911:2012, ‘Framework for building information model-
ling (BIM) guidance’ (ISO TS 12911: 2012) points out control as one of three
key elements for specification of information. As this selection of highly
relevant resources illustrates, model checking has a strong focus on BIM
guidance and standards.
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Automatic Processing of Statsbygg’s BIM Requirements

This study focused on the degree of automatic processing of digital rule sets
based on the BIM guidance from Statsbygg, Norwegian Public Construction
and Property Management Agency. Statsbygg has developed BIM guidelines
since 2008, and the current version, 1.2, is their third edition. It is available in
both Norwegian and English versions (Statsbygg 2011). BIM guidance is used as
a mandatory requirement for BIM projects. The BIM guidance document
contains 131 requirements for the specification of information in the IFC file.
These requirements were implemented as a separate rule set by Solibri Model
Checker, and are included in Version 7 and newer. After first glance in Solibri
Model Checker, it is easy to believe that all requirements in the BIM manual
version 1.2 from Norwegian Statsbygg are implemented and can be checked
automatically. However, it is quite demanding to develop computable rules, and
it is therefore too optimistic to expect that all requirements are directly
computable.

To determine the degree of processing, all rules in this rule set in Solibri
Model Checker explored and classified whether the requirement was able to be:

o Automatically processed. The requirement in the BIM guidance corresponds
directly with IFC data model. The rule can be processed automatically to fulfil
the requirement.

o Partly automatically processed. The requirement in the BIM guidance corre-
sponds partly with IFC data model. The rule is processed, but fulfilment of the
requirement must be verified manually.

o Suggested to be processed manually. The requirement is not implemented as a
processable rule but only as information in the rule set. The requirement
requires either information that is not specified in the IFC data model
(e.g., Norwegian specifications) or is too complicated (or expensive) to be
implemented as a rule. The requirement must be verified by manual inspec-
tion of the building information model (e.g., by looking at the file in an IFC
viewer).

o Requirements was not specified or documented. There was no information
about the requirement, just missing from the rule set. The user must find the
BIM guidance document and interpret the requirement, whether this is
relevant in the project and where it can be verified manually.

The results from this study are presented in Figure 2-7.

This rule set is based on input of information in an IFC 3x2 file IFC file.
The outcome identified that 35% of requirements could be automatically
checked, 13% partly automatic/manual, 33% could only be checked manually,
while 19% of the requirements were not implemented as digital rules at all. This
indicates that approximately half of the requirements can be checked auto-
matically and verified, while the other half of the requirements have to be
checked manually. It is therefore important to be aware that only parts of
the requirements can be checked automatically. This type of model checking
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Processing of Statsbygg rule set (N=131 requirements)

Automatic processed = 35%

19 %

o m Partly 3 ati . ssed = 132
35 % Partly automatic processed = 13%

Suggested to be processed
33 9% manually =33%

Requirements was not specified or
documented = 19%

Figure 2-7. Distribution of processing of BIM requirements in Norwegian Statsbygg
BIM guidance Version 1.2.

can be regarded as an example of ‘content checking of BIM file’ previously
presented in this Chapter.

Degree of Automatic Checking of Regulations

Hjelseth (2012) performed a study of the ISO21542:2011 accessibility and usability
standard (ISO21542:2011), which identified 720 rules within the 152 pages. The
study showed that 57% of the rules were prescriptive and could be directly
converted into computable rules. Of the remaining rules, it was possible to
transform about half of them into computable rules for automatic processing. The
transformation was done by a mapping method. The conclusion of this test was
that 17% of the total number of rules had to be interpreted manually, while 83%
were applicable for BMC. The result indicates that performance-based regulation
is not a barrier for BMC.

Practical use of this type of checking can be illustrated by the Solibri Model
Checker, which has implemented Clauses 8, 10, 11, 12, 13, 18, 19, 26, and 33 from
the ISO/DIS 21542 version (DIS stands for Draft International Standard and is a
version of the standard, which is under development). The result from the check is
shown as a list of red, orange, and yellow triangles in Solibri Model Checker in
Figure 2-8. Looking into one of the issues by clicking on the line with a triangle,
the ‘Results’ and ‘Info” windows become activated. Clicking on the clause ‘18.1
Door and doors furniture’ (related to the clause in the ISO standard), only door
and belonging wall objects are displayed. All other elements are removed. This
situation is illustrated in Figure 2-8. This contributes to identifying, for example,
the issue, ‘Revolving door is not accompanied by swing door’, in a visual way. How
this issue can be solved in practice must of course be discussed in the design team
meeting or in coordination meeting. Solibri Model Checker only identifies possible
issues - it does not propose possible solutions; professional skills are therefore still
needed.
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Figure 2-8. Checking of accessibility in Solibri Model Checker (Hjelseth 2012).

USE OF BMC SOFTWARE AND PROCESSES IN NORWAY

Motivation for the Case Study

The intention of this study was to explore experiences — ‘Best practice’ — and to
identify suggestions for the further development of BMC solutions. The outcome
can be regarded as an indication of how the leading-edge companies (in Norway)
are utilizing BMC in today’s projects (possibilities/challenges/ problems) and what
they regard as opportunities of tomorrow. The study does not focus on exploring a
specific project in each company; instead, it focuses on the general use of BIM and
BMC. It does not cover constraints like the type of contract, split of risk and profit,
number of involved partners, or number of subcontractors. All companies’
feedback was based on experience from ‘real BIM projects’, which had a high
focus on both process and utilization of BIM-based software. The respondents
were regarded as the most experienced BIM experts in their companies.

The Norwegian construction industry has a high focus on the use of BIM,
especially openBIM-based exchange of IFC files. Public builders like Statsbygg
(Norwegian Public Construction and Property Management Agency), Forsvars-
bygg (The Norwegian Defense Estates Agency) and Helsebygg (Norwegian
Hospital Development Project Agency) have demanded BIM in selected projects
since 2007 (Statsbygg 2007). Statsbygg announced in spring of 2013 that they had
signed a ‘Joint Statement” about the use of openBIM (IFC) in all projects from
1 June 2016 (BuildingSMART 2013).
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Table 2-5. Overview of commercial and public companies in the survey

Category Commercial/public companies

Public serial owners/builders Statsbygg
Forsvarsbygg
Sykehuset @stfold
Architects Link Arkitektur
Nordic
Consulting engineers cowl
Multiconsult
SWECO
Contractors/property developers AF-Gruppen
NCC
Skanska

Research Method

This study intends to identify best practices for the utilization of BMC. Table 2-5
presents an overview of the selected companies in this study. All companies are
representing the-state-of-the-art in utilization of BIM and BMC. They are among
the largest companies in their branch of the construction industry in Norway.

A questionnaire was sent by e-mail one week in advance of the telephone
interview. This qualitative approach tries to extract understanding, experiences
and common elements, rather than quantifiable statistical data. Anonymity was
granted to motivate open feedback on problems and challenges.

RESULTS OF THE INTERVIEWS WITH THE BMC COORDINATORS

Qualitative Approach: Expert Experiences

This is a qualitative study with a focus on extracting experiences from the most
skilled users of BMC in Norway. Highlights from the interviews are therefore
presented to give an understanding of how BMC is utilized on demanding
projects. The questionnaire was structured into six themes, with separate ques-
tions, and used as a framework during the interviews.

Questionnaire Theme 1: Type of Company and Projects

The survey included most disciplines involved in construction projects. An
overview of the interviewed companies was presented in Table 2-5. It was expected
to get clear differences between the disciplines, but the survey did not indicate this
effect. All companies were large and with high profile in use of BIM, and in this
respect heterogeneous. On the other hand, it did identify a change in roles, and
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especially that building owners were very active. This can be explained by model
checking done by professionals in the company with long experience and high
competency. This was especially clear for the building owners having an active role
in demanding BIM-based deliverables. Limited competency in the company,
both BIM and BMC, was pointed out as a barrier for collaboration and increased
level of use.

Questionnaire Theme 2: Use of BIM and BMC Software

All companies had experiences of five or more years with BIM-based projects,
varying in levels. The share of BIM projects is increasing, from use of BIM only on
special projects to its use on most projects by default. All companies in this survey
work mainly with large projects with more than $10 million USD. However, most
projects were done in collaboration with ordinary companies without a high focus
on BIM beyond the use of commercial BIM-based software as drawing tools.
An overview of software is presented in Table 2-6.

The focus in this study was on advanced use, development, or adaption of rule
set and future perspectives from the BMC coordinators in state-of-the-art projects.
It did not focus to determine extent or combinations in use of different software.
Use of IFC - or openBIM - has in general a very high standing in Norway. Use of
IFC-based software, such as Solibri Model Checker, is therefore regarded as a
default file format in multidisciplinary projects. All 11 companies used Solibri
Model Checker but also other software like Autodesk Navisworks. Navisworks was
dominant on the infrastructure project due to its capacity to import a large
number of file formats. Free versions of IFC viewers were used when the project
management wanted to distribute the BIM file for individual presentations.

One very interesting observation was that the number of Solibri Model
Checker and NavisWorks licenses was very limited compared to use of other
licenses. Model checking and model coordination was generally performed by one
to three participants, utilizing one or two licenses. This was also the situation in
large projects with multiple disciplines from architecture, engineering, and
contractors, counting over 100 professionals. This was not an expected result
regarding the high BIM profile in all of these projects. Traditional organization
and low awareness in utilization of BIM and BMC were mentioned by the
respondents as possible explanations.

Questionnaire Theme 3: What is BMC Used For?

This theme focuses on identifiable deliverables related to the use of BMC. BMC
was used in all phases where BIM was used and not only as a check of final design.
Clash detection and coordination of different model files (disciplines) was the
default use reported by all respondents. The companies confirmed that merging
different IFC files into one presentation of the project was quite common (multi-
disciplinary coordination). The outcome was a coordination report, which
illustrated identified issues based on screenshot functionality, and included a
description of the problem, possible solutions, responsibility for following up, and
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deadline. All respondents that used Solibri Model Checker highlighted that the
reporting functions replaced traditional minutes. These types of reports were very
useful for collaboration and saved time in reporting and discussion afterwards.
BMC was regarded as a part of the QA package. Some companies used the
information take-off functions, e.g., in Solibri Model Checker, for quantity take-off
(QTO) and the further calculation of material and works.

Utilization is related to traditional quality assurance and not to new digital
services. The checking software itself is easy to use, and the license cost could be
saved by avoiding one single construction mistake. However, it was reported that
it was hard to get directly paid for BMC. Even if the benefits from savings were
very significant and positive for the overall project, the contracts were separate for
each discipline. Type and design of the construction contracts plays a major role
for collaboration and how changes become solved. National differences may
influence the method of collaborating. In Norway, a contract for construction is
often split up among a number of sub-contractors, who in turn use other sub-
contractors. This is also the situation when one large contractor has won the entire
contract. The attitude was: I do my job and get paid for that - not for what
happens afterwards’.

Another interesting piece of feedback from one respondent was that there
were very few practitioners who took their own BIM and merged it with others in
order to explore coordination and content. Lack of ‘curiosity’ should perhaps line
up as a barrier, or can the business model be blamed?

Questionnaire Theme 4: Procedures for BMC

BMC was regarded a part of the quality assurance (QA) system of the model and
of the project. QA traditionally uses written procedures, and this approval was
applied to BMC procedures as well. The extent of using this practice had some
variations, but all companies used written procedures in combination with best
practice experiences.

BMC was not included in contracts, while the mandatory use of BIM
guidelines was. BIM guidance had references to BMC regarding when and what
should, or must, be BIM deliverables. BMC was not regarded as a separate
deliverable but as a part of the process and a way of utilizing BIM. The
procedure executing a BMC procedure can be divided into the following
three parts:

o Quality of BIM deliverables. These specifications were covered by the com-
pany’s BIM-guidance.

o Procedures for QA. BMC is following established QA procedures. Best practice
for coordination meetings is included in these procedures.

o Scope and content in rule set. This was not documented as the company
reports. This development was done by the BIM coordinator, BIM manager,
or participants with experience with BMC. This development was based on
experience and best practice.
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The close connection between BIM and BMC was expressed by the following
type of statement from one company: ‘Use of BMC can be regarded as an indicator
for BIM-maturity’.

Projects using BMC (in Norway) are regarded as real BIM projects because
everyone has to deliver BIM files in IFC format to be merged into the model
checker (based on Solibri Model Checker). There are no needs of drawings for
coordination of design - this was done by use of models.

Processing of BMC was done by a very limited number of participants in the
project. Even in very large projects — over $100 million USD -operating the BMC
software was normally limited to 1-3 participants working on the project
management team. The software, like Solibri or Navisworks, is easy to operate.
Arguments for limited use are related to contracts and responsibility for
coordination.

Presentation of the issues after a clash detection check always need some
time - 2-4 hours - of preparation by an experienced operator. Too high a
sensibility in the rule sets results in an excessive reporting of non-relevant issues.
This makes it hard to know which issues are relevant or not. Preparation was
therefore a mandatory part before presentations of the outcome.

One interesting observation was some changes in the scope of disciplines. The
building owner - in this case, the public builder of hospitals - took a very active
role in the use of BIM and coordinating the BIM models. Closer collaboration
among all roles was also a general feedback given from the use of BMC.

Questionnaire Theme 5: Use of Adapted Rule Sets from
Solibri Model Checker

This survey was not focused on testing specific software, such as Solibri Model
Checker. On the other hand, Solibri Model Checker can be used to illustrate the
concept of separate rule sets in the checking software. Rule sets can be regarded
as commercial goods, such as objects of building parts. So far, they are only an
embedded part of Solibri Model Checker. Users can modify existing rule
sets and save these separately for their own use. No companies, except
Statsbygg, have developed a rule set from the ground up. Statsbygg have
developed a digital rule set in Solibri Model checker for compliance checking
with their BIM guidance. This was previously presented as ‘Study of degree of
automatic processing of Statsbygg’s BIM requirements’ in this chapter. The
respondents explained that the need for development of new customized rules
was solved by modification and adaptation of existing rule sets. This did the job
at low cost and in a short amount of time - and was often “good enough”.
Another reason was that development of new rules required a lot of skills and
the fact that the technical implementation had to be performed by Solibri
Model Checker.

All respondents had modified the embedded rule set to minor or major
degrees. The modification was done as a selection of separate rules into a new rule
set more adapted to the need in the project. In addition, some constraints were
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modified, e.g., distances to be longer or shorter than in the embedded rule set.
Dedicated rule sets, such as accessibility based on ISO/US requirements and other
rule sets based on regulations, were not regarded as relevant for Norwegian
projects, and were therefore not in use.

This study identified that it was mainly following rule sets in Solibri Model
Checker, which were modified and adapted to company/project related rules:

o ‘General Intersection Rule’ for checking collisions between technical subjects,
architectural, and structural models

o ‘Components are filled” for checking consistency between architectural and
structural models

« ‘Components fit in architectural ones’ for checking consistency between
architectural, engineering and MEP models

« ‘Comparison’ for checking changes in a revised model

As the titles of the above rule sets indicate, these rule sets are based on
variations of clash detections for making this type of verification more relevant for
Norwegian requirements. Another motivation for adapted rule sets was to reduce
the amount of feedback from of non-relevant issues.

Questionnaire Theme 6: Highlights — Open Questions and Free Answers
The two main overall questions asked in the interviews were:
a) What is the most positive effect of using the model checking software?
b) What is the most challenging aspect of using the model checking software?

a) What is the most positive effect of using model-checking software?
This question focuses on positive experiences from real projects.

All respondents stated that BMC is a very useful collaboration tool merging
different model into one joint model - visualization was very important. Use of
BMC gathered the project team to a joint presentation of the project. It was the
combination of process and program which made the power for the participants in
the project. The outcome of the validation - the model checking in itself — was
regarded as ‘guidance’ for identifying issues.

The respondents said that BMC makes them focused on solutions - issues are
identified at a stage where they can be solved without redoing work. All involved
in the project see the same 3D model or building information model; this is far
easier to understand in a short time than drawings. It was reported by some
respondents that the volume of traditional 2D drawings has been dramatically
reduced. A combination of drawings and models are often used on the construc-
tion site. As one respondent expressed, BMC makes a new daily routine for the
project coordinator’.

The feature to produce issue reports or coordination minutes was regarded as
a very important function of the BMC software. This feature was used for
collaboration and management of who shall follow-up which issue by deadline.
Some of the respondents thought that BMC had the effect of a learning tool. It
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gave feedback on correct modelling and structuring of information in the
authoring BIM software.

b) What is the most challenging use of model checking software? This
question focused on both experiences from real projects and obstacles aiming for
increased ambitions in future projects.

The most important drawback was that Solibri Model Checker identified too
many false issues. It takes time to prepare and eliminate non-relevant issues before
presentations. It contributes to reducing the impression of reliable verifications.
An aspect of this is that ‘BIM is not always BIM’ as one respondent expressed it.
There is a large variation in how the IFC implementation is done in different
software and software libraries — and also how the designer is modelling and
structuring (entering) information in the BIM software. This makes more
advanced testing unreliable and confirms the ‘garbage in/garbage out’ principle.
One respondent stated: ‘Solibri Model Checker rule sets are powerful tools that
identify almost everything in an assembled model of more BIM files (e.g., in
multidisciplinary project). If you are sloppy with putting limits in what to be
checked, it soon becomes a mess about what the rule set include of rules (that in
principle can be checked), the content of object with relevant information in then
BIM files (what can be checked in practice), and how this is reported by the
checking software (priority of actions). The procedures of rule checking are critical
for the outcome.

Multidisciplinary coordination requires that BIM from the different disci-
plines are at same level of development (LOD) or are in the same phase to perform
BMC. Often, one discipline will start designing when other disciplines have
reached a stated level. This requires dedicated rule sets, because rule sets are
normally based on the final design.

Lack of flexibility was mentioned by some respondents as a challenge. It was
reported that it was not possible to check only specified parts of a model (‘zone of
control’), specific disciplines, or other partial elements without preparing the BIM
file in advance. Better tools for management of information were wanted. The
classification function in Solibri was useful and easy to use, but a good and joint
system for classification was often hard to develop.

Some respondents reported that a collision (issue)-free model often was
regarded as a good solution, and stopped further development. A model free of
issues can, at its best, be verified as ‘not bad’, but never as good. This can only, with
BMC of today, be done by skilled practitioners. The required effort for closing the
chasm between the level of today and higher-level BMC was expressed by some
respondents as a leap in level, i.e., more than incremental development. To reach
the BMC level where one trusts the outcome of a check 100% without visual
control requires full control of all steps, both in process and program. One of the
respondents expressed this as going from tricycle to bicycle - this requires a
number of new skills. However, the companies in this study use BMC at a level far
above the general use of BIM and clash detection.

Many respondents reported a lack of design objects or object libraries
with joint and missing comprehensive content of information as a critical
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problem for multidisciplinary coordination. This was in projects solved by
‘bypasses’ and a high focus on discipline and joint manual input. Specific
building parts were identified by type number, ID-codes, and similar solutions
of manual input. This was hard to maintain for all parts in the project, but easy to
violate.

Highlights from the Survey

All respondents stated that clash detection was the most frequent use of BMC.
Reporting on many irrelevant issues was a challenge and involved time to prepare
the presentation of the outcome of clash detection for the design or coordination
teams. Clash detection was very useful — almost mandatory - in the coordination
of multidisciplinary projects. The capacity to produce issue and coordination
reports in the coordination meeting was regarded as one of the most useful
functions in the checking software. Clash detection was used to support collabo-
ration, and BMC was regarded as a very useful collaboration tool. This finding is
supporting ‘Developing internal collaborative BIM procedures’ as the top forecast
for 2014 in the status report from McGraw-Hill Construction (2012). The level of
BMC can be regarded as a maturity index for the utilization of BIM. Most
advanced BIM projects also had the most advanced utilization of BMC. All
respondents supported the view that BMC must be regarded as a ‘mandatory tool’
for the coordination of BIM projects.

Clash detection and multidisciplinary coordination represented the most
typical uses of BMC. Solibri Model Checker was the most-used software for BIM
files in IFC format. Autodesk Navisworks was the second most-used software, but
in infrastructure projects, Navisworks was the most used on infrastructure projects
due to its ability to import different file formats. All companies in the survey had
modified the embedded rule sets in Solibri Model Checker and adapted them into
company-specific rule sets. The benefit was better precision on what was actually
checked, in addition to a reduced number of non-relevant issues. The develop-
ment of digital rule sets was regarded as a challenge.

LIMITATIONS FOR THE INTERVIEWS

The interviews of BMC experts in Norway are based on a limited selection in
the forefront companies. Suggestions for future solutions have particularly
been influenced by technology optimism. This is of course not representative
for the construction industry. A survey contrasting these companies could be
useful. This study could have focused on why companies are not using BMC, and
what the decisive moment is for these companies to start using BMC in their
projects.

All interviews were documented and a questionnaire was used, but the
answers were mostly based on personal experiences and attitudes related to
the pervasive use of BIM and BMC. Reliability is in principle ensured, but due
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to time and project dependency, it can be hard to repeat with identical results. On
the other hand, the variation within the group was low and the main findings
should be repeatable.

CONCLUSIONS

BIM-based model checking (BMC) can be regarded as one of the best ways to
illustrate the benefit of the relevant content of information in BIM files. It is a
cross-disciplinary way for the coordination of BIM deliverables from different
disciplines. Commercial software solutions for BMC are easy to operate and offer
more functions than most users will need. Software is not delimiting the
implementation of BMC in the construction industry. Implementation of BMC
is highly related to the use of BIM in general and the use of openBIM based on IFC
specifically. BMC requires files with relevant information to process the rules of
checking. More information in the file enables more rules and exchange of
information in a common format like IFC enables concentration of efforts in
the development of solutions. BMC can have a high impact for development of
high-quality content of information in BIM files and the use of open BIM. The
level of utilizing BMC can therefore be used as an indicator for the maturity
of BIM.

However, use of BMC is not a mainstream method of workflow today.
Even in large companies, keeping tabs on BIM-based projects through the use of
BMC software is limited to a few dedicated users (coordinators). This is a
paradox since the software is easy to operate and the detection of issues is best
done by experienced professionals rather than by coordinators. Lack of relevant
information in BIM files, in addition to low and variable BIM-maturity in
companies involved in the project, is pointed to as the main reason for limited
use of BMC.

BMC is therefore mostly used as a coordination tool for clash detection, and
in this way, it has a large impact on the process by identifying issues, assigning
responsibility, and following up with changes. In this respect, BMC is playing an
important part in the quality assurance of digital models.

Development of rule sets is a general obstacle for wider use; this is especially
the case for missing rule sets of mandatory regulations and standards where
BMC has the potential to replace manual and time-consuming work. The
modification of existing rule sets in commercial software will cover the need
in most projects. This must be supported with specification of information in
BIM files.

BIM-based model checking (BMC) is a type of software solution, which has
the capacity of becoming a game-changer for utilizing BIM. BMC provides a close
interaction with the content of information in the BIM model and can be used as a
catalyst for increased utilization of copious BIM and for sharing relevant
information among all partners in a construction project.
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CHAPTER 3

BIM and Cost Estimating:
A Change in the Process for
Determining Project Costs

Tamera L. McCuen*

Abstract: Using BIM for the cost estimating process is evolving and the cost
estimator’s responsibilities are changing. As a result of these changes professional
estimators from industry organizations have dedicated time to be actively involved in
advancing the state of estimating in BIM. This chapter discusses the cost estimating
process in detail and compares the traditional methods with BIM methods. The
chapter also provides an overview of the constraints, variables, and opportunities for
the BIM cost estimating process. A critical step in the BIM process is in generating a
quantity take-off for which the cost estimator can trust that the information is reliable
and accurate based on the project scope and level of development. Examples for
proposed standards that define the information exchange needed between the design
model and cost estimator is included in this chapter.

INTRODUCTION

The simulation of alternate factors and parameters that can affect project costs is
an important step in the cost estimating process. An analysis of such alternates
requires time and reliable information about a project, however performing these
cost analyses and simulations is often limited during the estimating process due to
the compressed time allocated for such activities. The discussion in this chapter
focuses on building information modeling (BIM) for cost estimating and how the
use of BIM may facilitate cost estimators in their simulation and analysis for
optimizing project costs in the future. The expectation is that as the adoption and
implementation of BIM in the Architecture/Engineering/Construction (AEC)
industry increases the design and construction processes will evolve and so will
the technology used to create a building information model. As a consequence of

*Associate Professor, Construction Science Division, College of Architecture University of Oklahoma,
Norman, OK
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Figure 3-1. Cost estimating process map (Hollman, 2006).

evolving processes and technology the methods stakeholders use to fulfill their
responsibilities on a project team will change. The future of the cost estimator’s
role and responsibilities will change to include more value added activities to
support cost management decisions.

BACKGROUND

Cost estimating is a complex activity that requires knowledge beyond quantifica-
tion and pricing of materials and labor. Although the topic of this chapter is BIM
and cost estimating, the process map shown in Figure 3-1 is an excerpt of the
process map for cost estimating and budgeting from the Total Cost Management
(TCM) Framework (Hollman 2006) in which the traditional process is depicted.
Figure 3-1clearly shows the relationships between creating a plan to estimate a
project’s cost, the quantity take-off (QTO), pricing the quantity takeoff, costing
the scope content, and simulation and optimization of project costs. The TCM
framework (Hollman 2006) is used as a reference for the discussion in this chapter
and it describes the following five activities: 1) The first activity is to create a plan
based on the assessment of the documented scope basis and required deliverables
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for the purpose of defining the cost estimating effort required for the specific
project; 2) The output from the planning activities becomes the input to the QTO
activity as the basis for determining assemblies and component quantities based
on the project’s scope from the technical documents; 3) The output from the QTO
becomes input to cost the scope content at which time the scope QTO is translated
into expressions of the financial expenditure required for the project; 4) Costing
scope content is a basic algorithm in which a unit cost is applied to each scope item
in the QTO; 5) Pricing the cost estimate is a separate activity from costing the
scope and is distinct in that pricing the estimate includes overhead, profit,
contingencies, and other techniques applied to costs for meeting business inter-
ests. As shown in Figure 3-1 the simulate and optimize costs activities are useful
for value analysis and engineering to optimize scope decisions in addition to
evaluating cost risks. Simulating and optimizing costs are done concurrently with
the costing and pricing steps to identify possible outcomes and evaluate possible
trade-offs between scope elements. Although the TCM is based in the context of
traditional methods for cost estimating, the relevance of each activity and its
outputs is transferrable to the BIM cost estimating process.

In the past each activity box in the cost estimating process map was completed
by quantity surveyors and cost estimators. Technological advances have increased
the productivity of cost estimators over the years with computerized methods for
quantity take-off and cost modeling tools, but the process still required interaction
between the cost estimator and project information to complete each activity.
With advances in the BIM tools generating a QTO no longer requires actions by
the cost estimator. Historically the QTO was a time intensive step that required the
estimator to dedicate hours reviewing, measuring, and counting items in the
construction documents. As with any change there are factors, such as constraints
and variables that can affect the successful implementation of BIM for cost
estimating. The first factor is technology, which in its current state can be a
constraint due to the lack of interoperability between software applications.
Another factor in BIM implementation is the variability associated with humans
and their willingness to collaborate and share project information in a way that
renders the information useful for other project stakeholders. The final factor to
consider is the fact that using BIM for cost estimating provides an opportunity to
redistribute the estimator’s time to focus on more value added activities instead of
performing tasks that can be automated.

This chapter provides an overview of BIM, cost estimating, and a detailed
discussion about the constraints, variables, and opportunities that impact the
current and future use of BIM to generate accurate and reliable cost estimates.
An important thing to remember when reading this chapter is that it focuses on
BIM as a tool that has the potential to improve the cost estimating process and
add value to a project only if there is an agreement about the information
exchange required between the design team and estimators. Emphasis is placed
on using BIM to improve an estimator’s productivity, facilitate progressive
analysis, and add value through enhanced decision making during the cost
estimating process. Great opportunity exists for BIM to reverse the typical
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estimator’s time distribution from 80% QTO and 20% analysis, to 20% QTO and
80% analysis. Reversing the distributed effort though will require industry
standards to guide the input and sharing of information, which will ultimately
improve the quality of information about the project in the building information
model.

To add context this chapter includes several comparisons between the
traditional methods and BIM methods for estimating. The chapter is organized
into three main sections. The first section focuses on the important terms and
descriptions related to BIM and cost estimating. The next section presents a
detailed discussion about the estimating process including its variables, con-
straints, and opportunities associated with using BIM to determine project
costs. The section begins with a discussion about the difference between the
‘science’ of QTO and the ‘art’ of cost estimating, and how the unique aspects of
each transfer to BIM. A clear distinction is made about QTO and estimating as
interdependent activities and it emphasizes the fact that the two are not
synonymous. There is a clear distinction made about how the inputs and
outputs during the quantity take-off differ greatly from the inputs and outputs
of a cost estimate. The chapter concludes with a discussion about the current
state of using BIM for cost estimating and offers a glimpse into future
possibilities.

VOCABULARY IN THE CONTEXT OF BIM AND ESTIMATING

BIM

In this section the focus is on the vocabulary used in the context of BIM and
estimating germane to the discussion in this chapter. Granted the terms in this
section are not new however it is important to establish a mutual understanding
about the terms and descriptions. Because the definition of BIM varies slightly
between stakeholders depending on the industry perspective it is essential to clarify
the term BIM and its definition as used in this chapter. The National BIM Standard
(NBIMS) defines BIM as a technology enabled collaborative process and facility life
cycle management tool. Specifically the NBIMS definition is (NIBS, 2012):

Building Information Modeling (BIM) is a digital representation of
physical and functional characteristics of a facility. A BIM is a shared
knowledge resource for information about a facility forming a reliable
basis for decisions during its life-cycle; defined as existing from earliest
conception to demolition.

A basic premise of BIM is collaboration by different stakeholders at
different phases of the life cycle of a facility to insert, extract, update or
modify information in the BIM to support and reflect the roles of that
stakeholder.

The NBIMS definition addresses the idea that there are two different aspects
to BIM. The first aspect specifically addresses the machine side, or BIM as a
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technology and a tool. The second addresses the collaborative process, which is the
human side of BIM. Collaboration is a process and can only be achieved when
people work together to achieve a common solution. To summarize, BIM is not a
stand-alone technology or software, but instead it is a process for the design,
construction, and operations of a building centered on collaboration that is
enabled by the technology and software. It is important to also understand that
not all modeling software produces a BIM. Three-dimensional (3D) models
without 1) data about the objects, 2) parametric intelligence, and 3) features
supporting automatic updates between model views do not meet the capabilities
required to be considered a BIM technology (Eastman et al., 2008; Smith and
Tardif 2009). Three-dimensional models that do not contain data or parametric
intelligence about model objects are used primarily for visualization in the early
stages of a project for planning and developing purposes and may provide the
basis for developing the building information model. A 3D model of this type does
not provide ongoing support of stakeholders’ activities across the life cycle of a
facility and is limited in its use for cost estimating.

Information

Next in the BIM vocabulary is the term information, which in the context of BIM
it is described as data that has been collected and analyzed so it can be used to
reason about something, make a decision, or draw conclusions (Smith and Tardif
2009). In essence, information is data that has been acted upon. What makes BIM
unique compared to all the other uses of 3D modeling is the fact that the model
contains data about model elements that becomes information when it is shared
with other project stakeholders. One way that may help with understanding the
importance of project information is to look at it in terms of its reliability and in
terms of how it is used and by whom. All project information has an author and a
consumer. Information must be accurate, accessible, complete, and transparent for
it to be considered reliable and useful to stakeholders through the life cycle of a
building (Smith and Tardif 2009). In addition to the content, the format of
information in BIM impacts its usefulness to the end consumer. To ensure the
information is useful the author needs to know what information the consumer
needs to know to accomplish their responsibilities for the project.

Interoperability

Interoperability in the context of BIM means that the multiple software applica-
tions used by building information stakeholders have the capability to function as
part of an integrated system (Smith and Tardif 2009; NBIMS 2012). The benefits
of interoperability as identified in industry reports include (Young et al. 2007;
Bernstein and Fitch 2012):

o Increased speed of overall project delivery
+ Reduced infrastructure vulnerability

o Greater reliability of information through the life cycle
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« Expanded markets for companies
o Decreased supply-chain communication
o Improved value to customers

Interoperable applications support information exchange for activities be-
tween stakeholders in the building industry. To date one of the greatest challenges
to the adoption of BIM industry wide is the lack of interoperability between
applications and platforms. For example, if the design model is created in an
application that is not compatible with the application for cost estimating then the
material list must be manually entered by the estimator. Manually re-entering
data from one application to another is redundant and adds no value to a project,
only cost for the time allocated to re-enter the data. Therefore the value of an
automated QTO is negated if the software generating the QTO is not
interoperable.

Project Costs

Project cost is the third term germane to the topic of this chapter. The cost to
construct a project is more than the unit price of multiple items extended and
summed at the bottom of a spreadsheet. The construction cost of a project is the
amalgamation of three elements: resources, time, and cost. Resources in this
context refer to the material, human, and financial inputs necessary to complete
the project. The element of time may be measured based on the overall, weekly,
daily, or hourly amount of time. The cost element is the cost of a single resource
given a particular unit price. The complexity determining the estimated cost for a
project lies in the fact that it is contingent on decisions about how to allocate each
element to a project such that the requirements in the construction document are
met. For example, a project owner may have a deadline for completion of
construction that requires additional labor resources achievable by adding another
shift, crew, or by paying for hourly overtime. Obviously either way, the increase in
labor resources will increase the project cost compared to the same project without
a tight schedule requiring additional resources. In addition to labor productivity,
the estimator must also consider external factors such as market conditions and
material availability when determining the projected total cost of a project. It is at
this point that the pricing and simulation activities as discussed in the background
section of this chapter add value to the cost estimating process.

The Estimator

There is little doubt about the importance of an accurate estimate in the design
and construction of a new building or the renovation of an existing building. The
responsibility of an accurate estimate belongs solely to the cost estimator. Given
that the estimator’s responsibility is to provide a complete and accurate estimate,
the question to ask is “What are the characteristics, skills and knowledge necessary
to achieve a complete and accurate estimate?” The TCM framework (Hollman
2006) outlines these characteristics beginning with the ability to visualize how the
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project will be built. Once the estimator has a mental image of the entire proposed
project, then the estimator can begin to analyze the design and determine the best
means and methods for completing the project. The entire project includes more
than just visualizing the building. The estimator must also understand job phasing,
site layout, and sequencing of the construction to complete the analysis and
identify potential costs. With the analysis complete only then can the estimator
actually determine the cost for the proposed project. Ultimately the estimator
must understand the construction process, means and methods, and management
of the work to be completed. The cost estimator that can visualize, analyze, and
identify costs associated with these characteristics is critical to any project
(Hollman 2006; Dagastino and Peterson 2011; Eastman et al. 2008).

Success as a cost estimator also requires a distinct set of skills and knowledge
beyond the characteristics discussed in the preceding paragraph. The estimator
needs to be able to expand upon the costs identified in the project analysis to
knowledge about a variety of cost elements. Examples of cost elements are cost
types, cost classifications, and pricing. Estimators must also have skills and
knowledge about a variety of analytical methods including statistics, probabilities,
and cost models. Furthermore cost estimating relies on skills and knowledge in the
areas of information management, quality management, and value management
(AACE 2006). The accuracy of estimated cost compared to actual cost of a project
depends on how the estimator uses his skills and judgment across these aspects
of estimating (Dagastino and Peterson 2011). The accuracy of estimated cost
compared to actual cost also depends on the information exchange between
stakeholders using BIM.

THE ESTIMATING PROCESS

In this section the estimating process is discussed from both the traditional and the
BIM perspective. This section also includes several comparisons between the two
perspectives. In this chapter, any method of cost estimating that does not use BIM
is referred to as a traditional method. Examples of the traditional method include:
1) paper, pencil, and calculator, 2) quantity take-off software for electronic
drawings paired with a separate spreadsheet application for inputting the quanti-
ties and 3) any combination of these two examples. In addition to categorizing
based on the tools used as traditional or BIM generated estimates, cost estimates
are also categorized based on the methodology used for estimating. The two
estimating methods are: 1) stochastic and 2) deterministic. Stochastic methods use
algorithms in which the independent variables are generally something other than
a direct measure of the material item being estimated and are subject to the
estimator’s judgment. Stochastic methods typically involve modeling based on
inferred or statistical relationships between costs and programmatic and/or
technical parameters. Deterministic methods include counts or measure of units
of items multiplied by the unit costs or factors (AACE 2003).
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Science of Quantity Take-off

In general the cost estimating process involves multiple steps which can be divided
into two overarching steps. The first step is the quantity take-off which is the
quantification of materials, or as it is sometimes referred to, the ‘science’ of
estimating. One definition for the quantity take-off process describes it as a
systematic approach that is grounded in an effective strategy for dividing up and
managing the process in an organized manner (Pratt, 1995). To accomplish the
quantity take-off the cost estimator must have a disciplined method for the review of
project documents and drawings, measuring, calculating, and extending line items.
The following is a simplified example of steps in the traditional quantity take-off
process. First the estimator divides the project into parts, such as building, phase, or
level. After the project is divided up the estimator begins identifying assemblies
within each part of the project. Once the assemblies are identified, the estimator will
take-off all the material items within the assembly. The output from a quantity
takeoff is generally a list of materials with quantities assigned to each line item.

Art of Estimating

The second step in the estimating process is often referred to as the ‘art’ of
estimating because it is more subjective than quantifying items and it requires
experience in construction to facilitate good judgment at this step in the process
(Dagastino and Peterson 2011). The term art is used to describe the act of cost
estimating because it requires estimators use their talent to evaluate factors and
alternates then use their judgment to simulate and optimize costs (Hollman 2006).
Although these two steps originated in the traditional estimating process they are
not lost when using BIM. There are differences however in the process that can
impact the outcome of a cost estimate and must be addressed prior to the quantity
takeoff. The differences in the BIM process that must be addressed are discussed
later in this section as variables and constraints.

Traditional Estimating and BIM Estimating

Differences between the traditional methods and BIM methods exist in both the
quantity take-off and estimating steps. Traditionally the quantity take-off for a
commercial construction project in the United States is the responsibility of an
estimator. The quantity take-off process is a time consuming task that begins with
a thorough review of the contract documents including the general conditions,
working drawings, and specifications. The format of output from a traditional
quantity take-off is typically in the form of a spreadsheet, or bill of quantity, that
either lists work assemblies and systems by the ASTM Uniformat II classification
or the output may list may be more detailed lists of materials organized by the
Construction Specifications Institute’s Masterformat. In contrast, a BIM generated
QTO differs from the traditional method in the amount of effort and time
required from the cost estimator because BIM automatically generates a quantified
list of materials. As a result of the automatic QTO the labor intensive task of QT O
is no longer the responsibility of the estimator. Details about the materials
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contained in the BIM generated list may vary widely depending on the level of
project definition and subsequent information about the materials for objects in
the model, however a BIM generated QTO will have a line item for every object in
the model. It is important however to point out that although the QTO will
include all the model objects, the QTO may not be a reliable source of information
about the model elements. In its current state of development the lack of reliability
will require additional work by the estimator to validate the QTO. The level of
project definition and level of development will be discussed in detail in the BIM
for estimating section of this chapter. The ultimate benefit of using BIM is that it
eliminates the quantity take-off activity from the cost estimator’s project respon-
sibilities. As a result, the estimator has more time to complete value added tasks
such as risk analysis and project simulations.

It is at this point in the estimating process that the quality of the BIM
information has the greatest impact on the accuracy of a project’s estimate. Quality
of information in this context refers to the accuracy and reliability of the
information exchanged from the design team to the estimator. Professional
estimators classify estimates based on the level of project definition. A project’s
level of definition is based on the amount of information known about a project
which increases simultaneously with the progression of the project’s design.
Traditionally the design process progresses through the following phases: 1) prede-
sign, 2) schematic design, 3) design development, 4) construction documents,
5) agency permit/bidding, 6) construction, and 7) closeout. As the design process
progresses estimates are needed by the owner and design team to check costs
and verify the project is within owner’s budget. Cost estimates during the design
process are categorized as: 1) feasibility/range of magnitude, 2) conceptual/
schematic, 3) budget/design development, 4) bid/construction document, and
5) tender/final cost (AACE 2003; ASPE 2011).

In the traditional method of estimating costs, the estimator reviews the QTO
to identify any obvious missed items and confirms the accuracy of the quantifi-
cation in general. After reviewing the QTO the estimator begins to look at project
specific conditions, constraints, and external factors. It is at this point that
construction experience and judgment is applied to perform the ‘art’ of estimating.
It is also at this point where the traditional process and BIM process are most
similar because both processes rely on the human estimator’s experience and
judgment to actually complete the estimate. To replicate the estimator, BIM would
need artificial intelligence capabilities that are not probable in the near future.

Variables

By definition a variable means that something is inconsistent. In the context of
BIM and cost estimating the variables referred to are the building information
stakeholders and the integrity of the information exchange. Ultimately the list of
stakeholders for a facility includes participants from every stage in the life cycle
(Smith and Tardif 2009; NBIMS 2007). The owner, planner, environmentalist,
realtor, appraiser and mortgage banker are examples of stakeholders in the early
stages of a project. Typical stakeholders during the design and construction stage
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are designers, architects, cost estimators, specifiers, general contractors, sub-
contractors, fabricators, suppliers, and code officials. The operation and mainte-
nance stage includes facility managers, maintenance, safety and occupational
health, plant operator, security manager, and even the insurer. Building informa-
tion stakeholders in the closure stage are those responsible for disposal, recycling,
and archiving (Smith and Tardif 2009).

Ideally the capability to exchange information between stakeholders is a
benefit of using BIM however in some instances the opposite can be true and it can
actually be a problem. How could sharing information possibly be a problem?
From the cost estimator’s perspective it can be a problem if the information author
in the design phase inputs information that is not complete or accurate in
accordance with the project’s level of development. As a consequence the
information is not reliable and therefore it becomes a problem for the consumer
of the information, the estimator. This can be a significant problem for the
estimator that relies on the information in the design model as the basis of an
accurate QTO. Essentially the design model must contain reliable information
required at every phase to complete the appropriate category of estimate. For
example, a design model at the construction documents stage should contain the
information necessary for the cost estimator to complete a bid estimate based on
deterministic method of estimating.

Based on the discussion in this section the importance of building informa-
tion to the estimator is apparent. Remember that in the estimating process the
quantity take-off is the first step and that in the traditional estimating method the
cost estimator is responsible for the time consuming task of quantifying materials.
In contrast is the BIM method of estimating in which the QTO is automatically
generated by the design model. This is a change in the process which shifts the
responsibility of generating the QTO from the cost estimator to the design team,
but leaves the estimator with the responsibility of validating the QTO.

The change in the estimator’s role associated with a BIM generated QT'O along
with recommended practices to bridge the gap from the current state of BIM and
estimating to the future of BIM and estimating is discussed in the BIM for estimating
section of this chapter. It is a complicated topic that requires an understanding of
theroleandresponsibilities of designersand estimators and theinformation each role
requires to complete their responsibilities on a building project.

Constraints

The project delivery method selected by the facility owner for design and
construction services can be a constraint on using BIM to prepare a cost estimate.
A collaborative project delivery method such as the AIA Integrated Project
Delivery (IPD) method or the DBIA Design-Build (DB) method aligns best with
the collaborative intent of BIM. While there are examples of Construction
Manager at-Risk (CM at-Risk) and Design-Bid-Build (DBB) projects using BIM,
the contractual relationship between the owner, architect, and contractor act as
constraints on the communication between parties in a way that may limit the
open exchange of information. It is not uncommon in CM at-Risk and DBB to
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find that the design team may not share their model with the contractor, or if they
do share the model it is noted for design purposes only and may be completely
void of useful information about object properties and materials so critical for cost
estimating.

Through the collaborative methods in IPD and DB the project team works
together and creates a BIM as the team progresses through the stages of defining
the project and inputting project information. The less collaborative method of
CM at-Risk and the completely linear method of DBB require an understanding
about the information needed by an estimator to determine the project costs. The
professional estimating associations are working to define the information needed
at different phases in the design and construction process and they are working
within the NBIMS framework to further awareness about the information
exchange requirement for estimating using BIM in all project delivery methods.
Some details about this effort are discussed in the BIM for estimating section of
this chapter.

Opportunities

The number one opportunity for estimators is that the detailed BIM generated
QTO may reduce uncertainty about material quantities and increase time available
for the estimator to analyze the project and its alternatives. To this point in the
chapter the discussion has focused on cost estimating at the project level however
the benefits of using BIM for estimating extends farther to include the organiza-
tional level. At the organizational level the use of BIM for estimating can increase
productivity for the architect, engineer, and contractors by eliminating redundant
work and increasing the exchange of information across a project life cycle. The
use of BIM for estimating can also provide the facility owner with information to
use at various stages of strategic decision making, rather than just being used on in
the late stages of project development (Smith and Tardiff 2009).

BIM FOR ESTIMATING: A LOOK EXISTING AND FUTURE USE

Existing Use

An exploratory study investigating the process used by cost estimators to validate a
BIM generated QTO revealed a basic manual process (McCuen 2013). The cost
estimators interviewed for the study reported the current validation process as
time consuming, but necessary due to the gaps in the content of information
available from the design model. Table 3-1 lists the steps reported to validate a
BIM generated QTO in 2013.

Based on the process shown in Table 3-1, it reasonable to conclude that the
effort expended by the estimator is extreme and it adds no real value to the project.
In 2012 an industry survey revealed that 5D models for the integration of schedule
and cost data will be a value proposition of BIM in the future however due to its
level of difficulty 5D models ranked behind spatial coordination, quantity take-off,
preliminary design phase budgeting, and 4D models in its frequency of use for
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Table 3-1. Current steps in the BIM QTO validation process.

1. Manually check the design model against the traditional 2D set of
drawings for the project.

2. Utilize a ‘shadow’ project to compare quantities from BIM with quantities
from a traditional set of drawings.

3. Compare the design model with historical information from similar
projects (traditional or BIM projects).

4. Ensure dataset is output in a usable format.

5. Review the QTO dataset for ‘global’ holes using Uniformat as a guide.

6. Focus on each level in Uniformat relevant to the project Level of
Development.

7. Verify the integrity of the data from the design model and that the
model elements used are appropriate based on the element’s properties.

8. Confirm accurate use of model elements, such as correct slab element
based on its location (e.g. slab on grade or elevated slab).

9. Map elements from the model to a complete data assembly that
includes items specific for construction means and methods that are not
typically in the BIM (e.g. formwork).

10. Select key items in the model for query about additions and/or
deductions (e.g. deduct volume of concrete for embedded pipe in slab).

11. Verify that complete dimensional data is exported.

12. Manually spot check dataset against model content.

preconstruction activities (Bernstein and Fitch 2012). Integrating costs into BIM
models today requires extreme effort on the estimator’s part. For example even if
the estimator receives an accurate QTO from the model elements, the model will
not include information about construction means, methods, or sequencing. The
cost estimator must therefore expend time to manually input this supplemental
information. As a result, the additional time required to supplement the QTO with
construction information adds overhead to thecost estimating task which then
offsets the time savings gained in the automated QTO. The value proposition for
automated cost estimating is one for the future. While BIM may be a standard
business practice for many architects and contractors, it has yet to be fully defined,
fully automated, or entrenched in the estimating community. Following is a brief
list of user related resistance and limitations to the use of BIM by cost estimators
(Young et al 2008):

o Down market - limited investment from large companies. Smaller companies
adapt to survive.

o People too busy doing what they are doing to use new tools or change process
o Lack of training/understanding to use new tools

o Modeling to correct level of detail and for intended purpose
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The last point of modeling to the correct level of detail addresses the issue of
information exchange. Information exchange between stakeholders is an issue in
which cost estimators should be actively involved and contribute to improving
the process. Professional estimators realize this need and as a result on December
10, 2008 eight organizations in the construction industry signed a buildingS-
MART alliance memorandum of agreement (MOA) to define the information
exchange requirements for cost estimating in BIM. The MOA describes the
collaborating organizations’ collective goal as being to develop best business
processes, practices and open standards that can be used by all software vendors
to develop applications with the capabilities to produce reliable and predictable
estimation results. Resulting from the MOA was a collaborative effort, otherwise
known as the Estimating in BIM Workgroup, comprised of interested members
from Association for the Advancement of Cost Engineering International,
American Society of Professional Estimators (ASPE), and the Royal Institute
of Chartered Surveyors (RICS). The group agreed that their work would focus on
developing items within the framework of the National BIM Standard. The
workgroup agreed that it would focus on producing items firmly grounded in
standard practices for cost estimating and results based on the concepts of
stakeholder collaboration and interoperability of technology.

Early in the workgroup’s process the decision was made to align the
information exchange requirements from the design model to the estimator using
the American Institute of Architects (AIA) level of development (LOD) frame-
work. The AIA LOD describes building information model elements progressing
through phases of building design. In particular the LOD of a BIM describes the
level of completeness to which an element in a BIM is developed. Elements may
represent a component, system or assembly of the building or building site (AIA
2008). Further development is underway by AIA to refine the definition of LOD so
that it would include specific dimensional, spatial, quantitative, or qualitative data
about a model element. The AIA E202 (AIA 2008) includes prescribes LOD
categories based on the model content requirements and the authorized uses of
each category. Cost estimating is one of the authorized uses for four of the five
LOD categories. The LOD, design model content requirements, and authorized
use for cost estimating are displayed in Table 3-2.

The AIA E-202 (AIA 2008) framework was selected by the workgroup to
guide the estimator’s exchange requirement based on its clear outline and
alignment with estimate classifications. As a result the building projects for which
the AIA BIM Protocol is used to define the model development currently impacts
the building information exchange from the designer to the estimator. Therefore it
is important that the design team and the estimator have a mutual understanding
about the BIM data content at each level. To accomplish this, exchange require-
ments should be clearly articulated and adopted as a standard to meet the
expectations of all stakeholders. A recent industry survey reported that QTO is
a fast-growing activity that will accelerate in use with the adoption of better
modeling standards (Bernstein and Fitch 2012).
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Table 3-2. Level of development and estimating (adapted from AlIA (2008)).

Authorized Use for

LOD Model Content Requirements Cost Estimating

100  Overall building massing to indicate  Authorized to develop a
area, height, volume, location, and cost estimate based on
orientation may be modeled in current area, volume or
three dimensions or represented similar conceptual
by other data. estimating techniques

200  Model elements are modeled as Authorized to develop a
generalized systems or assemblies cost estimate based on
with approximate quantities, size, the approximate data
shape, location, and orientation. provided.
Non-geometric information may
also be included.

300 Model elements are accurate and Authorized to develop cost
specific assemblies in terms of estimates based on the
quantity, size, shape, location, and specific data provided.
orientation. Non-geometric
information may also be included.

400  Model elements are accurate and Authorized to develop

specific as in LOD 300 with
complete fabrication, assembly,
and detailing information added.
Non-geometric information may
also be included.

actual cost of specific
elements at buyout

Information Required by LOD

In an effort to establish a standard, the estimators’ workgroup created the
following list of information needed at LOD 100 to complete a conceptual
estimate using stochastic methods (McCuen and Bredehoeft, 2012). Given the
high level of information necessary and the model content requirements at this
LOD, most technology and design teams are capable of providing this informa-
tion. The information required is as follows:

« Project location (geographic)

o New or existing building

o Remodel of existing

« Addition to existing

« Alternates

o Breakdown of requirements
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Square Foot/Square Meter of building by level

Number of floors

Overall height

Building use type

Structure type

Exterior enclosure type(s)

Special systems

Overall building codes

Anti-terrorism force protection

Level of cost of finishes

Location of existing site conditions

Site constraints

Site considerations — e.g. associated with the building
Existing environmental conditions

Zoning

Building performance requirements - LEED, sustainability
Construction, Operation and Reciprocal Easement Agreement (COREA)
Allowances

General Project Schedule

Meeting the estimator’s exchange requirements at LOD 400 however requires

much more information from the design team. The following is a partial list of
information needed in the design model at LOD 400 to complete a deterministic
construction documents estimate for bid (McCuen and Bredehoeft 2012):

Standard Foundations
Special Foundations
Slab on Grade
Basement Excavation
Basement Walls
Floor Construction
Roof Construction
Exterior Walls
Exterior Windows
Exterior Doors

Roof Coverings

Roof Openings
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« Partitions

« Interior Doors

« Wall Finishes

« Floor Finishes

o Ceiling Finishes

o Elevators & Lifts

o Escalators & Moving Walks
o Other Conveying Systems

« Plumbing Fixtures

« Domestic Water Distribution
o Sanitary Waste

» Rain Water Drainage

o Other Plumbing Systems

o Elevators & Lifts

« Energy Supply

o Heat Generating Systems

« Site Lighting

« Site Communications & Security

The importance of modeling accurate building information by the design
team means more than simply modeling the building. The actual level to which the
information about the model elements are accurate and complete dictates the
reliability of the information used to determine costs. The next section outlines a
guide for defining exchange requirements in terms of factors and categories
recommended for use by stakeholder and by the purpose for which the informa-
tion is used in a building project.

Guide for Exchange Requirements

The discussion at this point presents the framework as a guide for defining
information exchange requirements between project stakeholders. According to
NBIMS (NIBS, 2007), three factors need to be in place to allow for interoperability
in the computerized information exchange between project stakeholders. These
three factors are:

1. The format for information exchange

2. Specification of the information to be exchanged and when to exchange the
information

3. Standardized understanding between stakeholders of the information to be
exchanged.
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In addition to the three factors necessary for interoperability, the information
needed to support an exchange can be categorized into seven groups (NIBS 2007).

1. WHO? This category defines who is requesting the information. For
instance in the current process for cost estimating in BIM, the owner or
architect may be requesting a cost for the design.

2. WHY? This category answers the question why is the activity happening and
correlates with the stakeholder (who?).

3. WHEN? In this category the project phase is defined by design development
phase.

4. WHAT? To answer this question the entities, objects, and properties of
objects are defined along with the expectation that it is to be delivered
between stakeholders.

5. To WHOM? In this category the stakeholder being asked to complete the
task is identified.

6. HOW? This category specifies how resources are to be used to develop the
design and construction of a project.

7. INPUTS & OUTCOMES? This category references the data utilized during
the process of the creation of a facility. And the legacy documents used
as references such as Masterformat, Uniformat, and OmniClass. It also
includes data created by a model such as the quantity takeoff.

Future Use

Using BIM to determine costs for a project presents an opportunity for estimators
to complete more analysis for informed decision making about cost alternatives.
According to a recent industry report the adoption rate of BIM has steadily
increased since 2007 when 28% of the industry reported using BIM compared to
71% in 2012. Furthermore the report indicated that the future of estimating in
BIM appears to rely on the adoption of standards and the interoperability of
technology (Bernstein and Fitch 2012). Until estimators can trust that the BIM
data is accurate and comprehensive, skepticism will prevail and estimators will
resist BIM and continue to use traditional methods for determining project costs.

The most promising aspect of BIM for estimators is the opportunity to
increase the value added to a project by automating the QTO to generate an
accurate bill of quantities that is a reliable source of information for input into the
cost estimate process. Ultimately a BIM generated QTO that is accurate and
comprehensive will facilitate improved productivity with less effort dedicated to
measuring, counting and price loading. As a result the estimator can spend more
time evaluating alternatives and complete analyses of the project. In the end
estimators can expect that their role and level of contribution to a project’s success
will change when using BIM. Is the estimating community ready to change and
adopt BIM?
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CONCLUSIONS

The focus of this chapter was the cost estimating process and its evolution from the
traditional non-BIM methods to the current state of cost estimating and BIM. For
example, BIM replaces the time consuming quantity take-off with its capability to
generate an automated QTO based on a model’s level of development. While
advances in technology have enabled shifts in responsibility BIM has yet to be
accepted as a trusted source of data for the purpose of cost estimating. The reason
estimators do not trust the BIM QTO is because there is no automatic method for
validating the information contained in a model. A method for model checking the
information is one of the most important BIM needs to most effectively advance
the industry (Bernstein and Fitch 2012). Before a method for validating model
information can be developed there must first be a standard for the information
required for input by stakeholders at each level of model development. This
chapter discussed in detail the cost estimating process in terms of both traditional
and BIM methods as a basis for comparison. The chapter also discussed the early
work being done in this area by professional cost estimators to establish standards
for the exchange of reliable information so that the QTO can be trusted.
Throughout the chapter there is a focus on the future for BIM and cost estimating.
A future in which a building information model will provide estimators with the
opportunity to devote more time for more analysis about project factors and
increase the level of informed decision making about cost alternatives.
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CHAPTER 4

MILCON in the Department of
Defense: Estimating, Building
Information Modeling (BIM)
Based Design, and Impact on
United States Army and Air
Force Construction

Patrick C. Suermann*
Lindsey R. Maddox"

Abstract: The U.S. Army was one of the original Building Information Modeling
(BIM) pioneers in the federal government, having published the Army “BIM Road
Map” in October of 2006. The Air Force followed suit and required BIM on vertical
construction projects starting in October of 2009. This chapter will review the
particulars of the Military Construction (MILCON) arena and provide updates
on the latest strategies for the Army and Air Force. Additionally, it investigates
programming and design phase technological initiatives aimed at helping decrease
cost growth in the construction phase. These tools include the Parametric Cost
Estimating System (PACES™) software, BIM-based projects’ statistical analysis, and
BIM-based dynamic prototypes to optimize and standardize facility scope. Analysis
resulted in inconclusive results with some BIM-based project types costing less per
square meter to build and some costing more. For the category codes that were less
expensive on the average (training facilities, hangars, and fitness/youth centers),
researchers could speculate or infer that there was possibly less rework and greater
design certainty, leading to less overall cost per square meter. Administration or
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headquarters projects cost more per square meter for BIM-based projects. As the
results were inconclusive, more research is required in this area.

INTRODUCTION

The United States military is the largest real property owner in the world (Carter
2012). Additionally, the Department of Defense (DoD) is frequently the largest
single source/owner for construction annually. Consequently, since World War II,
the DoD has been a source of standardization and innovation for billions of dollars
of facility construction in the last 70 years. Many fundamentals of the construction
industry came from the Army Corps of Engineers, Naval Facilities Command, or
Air Force engineers. Examples include value engineering, lifecycle cost analysis,
quality control/assurance, earned value calculations, and “ribbon cutter metrics”
(Whole Building Design Guide 2013).

As the largest federal land owner and one of the top construction owners, the
DoD plays a large role in the construction industry and is responsible for
documenting standard procedures for many innovations. The DoD has regula-
tions, manuals, handbooks, codes, and instructions for standard operating pro-
cedures for nearly every step of the construction process. However, it is also widely
known that Military Construction (MILCON) projects are plagued by cost and
time growth. This chapter will present three technological initiatives aimed at
improving MILCON cost growth: parametric estimating, BIM-based design, and
dynamic prototypes for optimized and standardized design. In order to properly
describe the possibly foreign arena of MILCON, some background information
will be provided on how the original, programmed amounts are determined for
projects. Because these initial programmed amounts are the benchmark for final
cost growth comparisons, the process for determining the initial programmed
amount is worthy of scrutiny.

The military has a long history of implementing information technology
software to help improve MILCON processes. The first portion of this chapter will
describe how the military employs guides and software to support certainty in the
estimating phase of the facility acquisition lifecycle. Later sections will outline how
BIM helps to improve certainty in the design phase of the lifecycle. Lastly, BIM
applications (e.g. dynamic prototypes) will be reviewed. As Shen and Issa
demonstrated (2010), BIM improves estimating accuracy. However, this chapter
will provide a more targeted focus and look solely at BIM’s impact on the
estimating and design for MILCON projects in the Department of Defense.

MILCON ESTIMATING

When developing the scope and a general cost estimate for a new MILCON
project, the “old way to do it” (and it is still often done now) is that DoD
estimators (programmers) reference several published documents that detail the
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22 AFMAN32-1084 20 APRIL 2012

Chapter 2
FACILITY CLASS 1, OPERATION AND TRAINING

2.1. Category Group 11, Airfield Pavements.

201 Overview.

2.1.1.1. General Description. The Airtield 1s the portion of the base used for arfield
operations. i.e.. take offs. landings. servicing. parking. etc. The designation of airfield
pavements applies to runways, taxiways. aprons, pads. paved shoulders. and paved
overruns: it is a paved surface designed for the landing and take-off of fixed-wing aircraft
that can also accomumodate rotary-wing aircraft. The surface is usually concrete or
asphalt. Runway lighting is not included here, but is captured under Category Group 13,

Figure 4-1. Excerpt from air force manual 32-1084.

2.1.2. Runways.
FAC: 1111

CATCODE: 111111
OPR: AFCESA/CEO
OCR: AF/A30-A

2.1.2.1. Description. The munway is the paved swface provided for normal aircraft
landings and take offs. Runways are classified as either Class A or Class B based on the
intended aircraft use per Table 3-1 of UFC 3-260-01. Relative characteristics of Class A
and Class B runways are presented in Table 3-2 of UFC 3-260-01. For landing zone
operations, a special paved or aggregate surface strip is provided (see Take off and
Landing Zone [CATCODE 116116]). For normal Lelicopter operations. a square pad is

Figure 4-2. Excerpt from category code 111111 description.

standard size of each building type, functional areas included within the space,
average cost per unit of area, and historical size, location, and inflation factors.

The first document that an Air Force programmer might reference is Air
Force Manual (AFMAN) 32-1084 (See Figure 4-1).

AFMAN 32-1084 is an Air Force specific document that provides guidance on
space allocations for new and existing Air Force facilities based on their Category
Code (CATCODE) and the Real Property Classification System (RPCS). RPCS is a
hierarchical numbering system that is used to identify what a facility is and how it
is used. For example, all runways are classified in Category Group 11, Airfield
Pavements, with a Facility Code (FAC) of 1111, and a CATCODE of 111111 (See
Figure 4-2). A composite medical facility would be in Category Group 51 for
Medical Centers and Hospitals, and have a FAC of 5100, and a CATCODE
of 510001. These numbers form the framework for managing all Department of
Defense property and facilities. They allow programmers to quickly sift through
massive amounts of data to isolate buildings/facilities of a particular type.
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312 AFMAN32-1084 20 APRIL 2012

Table 7.1. Space Allowances for Dormitories and Officers Quarters — New Construction
and Major Alteration. '

Grade Rank Recommended Net Max Gross Bldg

Living Area Per Person | Area Per Person

m’ i mw i

Grade E-1 Basic Trainee™ 6.7 min 72 min 123 132

Grade E-1-E-3 Tech Trainee /Pipeline Student | 9.1 min 98 mmn 252 269
Grade E-1 through E-4° 12 33 e

- @ ‘--._.-4’
Grade E-¥° through E-6 30.7 330 33 355

Figure 4-3. Air force manual 32-1084 planning factors for sizing dormitories.

The ultimate goal of AFMAN 32-1084 is to enable the timely acquisition of
facilities, expedited project design, equitable space allocations, and standardization
of facility designs across the Air Force. If a new dorm for unaccompanied
personnel between the ranks of E-1 and E-4 was to be built on any Air Force
installation, AFMAN 32-1084 states that each member should be authorized 129
SF of individual living area, and the building should have a max gross area per
person of 355 SF (See Figure 4-3). In other words, if the dorm was being built for
100 personnel, it should be no larger than 35,500 SF including all common rooms,
bathrooms, and circulation. Additional information on the requirements of the
building would be found in the Air Force Unaccompanied Housing Design Guide
or the individual base or Major Command (MAJCOM) standards.

After the initial scope is determined, programmers use Unified Facilities
Criteria (UFC) 3-730-01 and 3-701-01 to develop an order of magnitude cost
estimate for the new construction. UFCs are similar to the AFMAN previously
discussed in that they provide planning, design, and construction guidelines;
however they apply to all military departments. UFC 3-730-01 specifically addresses
Programming Cost Estimates for MILCON Projects, and UFC 3-701-01
is the DoD Facilities Pricing Guide. These documents are created by Headquarters,
US. Army Corps of Engineers (HQUSACE), Naval Facilities Command
(NAVFAC), and the Air Force Civil Engineering Center (AFCEC-previously the
Air Force Center for Engineering and the Environment and Air Force Civil
Engineer Support Agency before combining to form AFCEC on October 1,
2012). The size and cost data in the UFCs are based on historical averages of
similar MILCON projects. They are periodically reviewed and updated to provide
more accurate data. The current version of UFC 3-730-01 was published on June 6,
2011, replacing the previous guidance published on March 1, 2005. UFC 3-701-01
was most recently updated in September of 2012.
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Table 2: Facility Unit Costs for Military Construction
Unit Costs for Military Construction Reference | Oct 2011 Reterence] Ot 2011 | Standard| Standard | Number
e unit cost S und cost | Deviabon|Deviation | of
(GUC) {GUC) IGUC [Projects
FACILITY TYPE (grossm2)| (Sm2) §igross SF)| (& ($/SF) | pet(%)
[ BARRACKS | DORMITORY (G0£5 not mcluge Kichenete 7989| 2ol 5 153 ) 39 20) 3
equipment)
BARRACKS - OPEN BAY, TRAINING 1579 18510 170,000 172 26 15) 7
BARRACKS - STUDENT DORMS. ADVANCE TRAINING 1570 154 170,000 153 15 10 1
COFFICERS QUARTERS (g0es not include kichenetie "1 L
equipment)
[DINING FACILITY (nciudes iitchen equipment and
mstataton)

Figure 4-4. Excerpt from UFC 3-701-01, $193/SF for historical dormitory cost.

Table 4-1: Area Cost Factors
10ct 2011
Currency
Exchange
MILCON  Sustainment Rate
COLORADO SPRINGS 1.07 1.10
DENVER 1.02 1.00
FORT CARSON 1.07 1.05
PETERSON AIR FORCE BASE C 07 1.0
PUEBLO ARMY DEPOT g™ 0.95
SCHRIEVER AIR FORCE BASE 1.07 1.05
ROCKY MOUNTAIN ARSENAL DROPPED DROPPED
CONNECTICUT AVERAGE 1.16 1.20
BRIDGEPORT 1.13] 1.16

Figure 4-5. Excerpt from UFC 3-730-01, area cost factors for Colorado.

Given the example of the new dorm for 100 personnel between the ranks of
E-1 through E-4, a programmer would use these documents to find that the
historical unit cost of a dormitory is $193/SF (See Figure 4-4).

The cost given in UFC 3-701-01 is an average, and it does not account for
variations based on location or the size of the building, so a few more steps are
required to get a more accurate cost estimate.

First, the programmer will look up the location modifier. Assuming the dorm
is being built on Peterson AFB, the appropriate modifier for a MILCON project
would be 1.07 (See Figure 4-5).

Next, the programmer will adjust the cost for the actual size of the building
compared to the reference size that the historical unit cost is based upon. For a
dormitory designed for 100-149 personnel, the project size factor is 1.03 (See
Figure 4-6).

Lastly, the unit cost will be adjusted to address inflation based on the
midpoint of construction. According to Table 4-2 of UFC 3-701-01 if the
hypothetical midpoint of construction was October of 2015, a programmer would



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

88 BUILDING INFORMATION MODELING

Table 2 BARRACKS/DORMITORIES PROJECT SIZE ADJUSTMENT FACTORS
Numbers of Soldiers in the Project Project Size Factor
1-99 1.07
100-149 C‘I_ .Of)
150-199 1.00
200-299 0.97
300+ 0.95

Figure 4-6. Excerpt from UFC 3-701-01, project size factors.

Month- ENR |DoD SPI FY Annual Midpoint | Escalation
Year Indices escalation] of constr factor
(raw) rate
(Nclte 1) | (Note 2) (Note 3) (Note 4) (Note 5)
Oct-03 | 3745
Qct-04 4129
Qct-05 4265
Qct-06 4431
Qct-07 4535 100.00
Qct-08 104.89
Qct-09 98.32
Qct-10 96.83
Oct-11 99.30 Oct-11 1.0000
2012 1.70% Oct-12 1.0170
2013 1.70% Oct-13 1.0343
2014 1.80% Oct-14 1.0529
2015 1.80% Oct-15 .0719
2016 1.80% Qct-16 .
2017 1.80% Oct-17 1.1108

Figure 4-7. Excerpt from UFC 3-701-01, military construction escalation rates.

use an escalation factor of 1.0719 to account for the fact that the UFC is based on
data from 2011 (See Figure 4-7).

Now that location and size variations as well as inflation have been taken into
consideration, the final step in determining the estimated cost of the new dorm
facility is simple multiplication using all of the factors that the programmer found
in UFC 3-701-01 and UFC 3-730-01 (See Figure 4-8).

Given that this is only a rough order of magnitude cost estimate the cost
would most likely be rounded to 8 or 8.5 million dollars.

This section was intentionally laborious to show how pedestrian this process
is for arriving at a cost that is still likely rounded to the nearest 6-10% for cost data.
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Cost = Building Size x Unit Cost x Location Modifier x Size Modifier x Inflation

$193
Cost = 35,500 SF x SF x 1.07 x1.03 x 1.0719

Cost = $8,093,957.79
Figure 4-8. Cost calculations using the factors provided in UFC 3-701-01.

The military knew that surely, there was a technological tool to help them
make more accurate estimates more quickly than their existing process of
“hand-jamming” order of magnitude costs for conceptual estimates.

PARAMETRIC COST ESTIMATING SYSTEM SOFTWARE™

Once the scope of the project is more clearly defined and a conceptual design has
been completed, engineers have additional resources to develop more detailed cost
estimates. One type of estimate that can be particularly helpful and is fairly easy to
complete is a parametric cost estimate. A parametric cost estimate breaks the
facility down into major systems and typically offers more accuracy than an order
of magnitude cost estimate, without going as in depth as a detailed, line by line cost
estimate. Air Force programmers typically use a PC-based software program like
the Parametric Cost Engineering System (PACES™) to develop parametric cost
estimates. PACES™ uses pre-built models to predict the cost of new construction
and renovation projects given only basic design information from the user. Just
like other cost estimating resources, the pre-built models are based off of historical
averages for similar projects, and architectural and engineering assumptions.

To start a new estimate in PACES™, the user would first create a new project
and define some of the basic project details such as location, client, construction
start date, duration, etc. Users also have the ability to adjust markups like
profit margins, taxes, contingency costs, and other percentages (See graphics in
Figure 4-9).

Once those details have been established, a primary facility is created.
Creating the primary facility is as simple as clicking a button, and searching for
the facility type that matches the desired project. As seen in Figure 4-10, using the
example of the dorm at Peterson AFB, the user may search for “dorm” and select
an “AF Enlisted/1+1 dorm” (two single rooms that share a bathroom).

If the user has questions regarding the model facility type, PACES™ has
descriptions of what is included in each building type or system (See Figure 4-11).

After defining the building type and size (See Figure 4-12), the user can edit
additional details such as the number of floors, construction materials, HVAC
systems, and additional amenities.

Common rooms, entryways, stairwells, elevators, hallways, etc. can all be
added and adjusted to the appropriate size (See Figure 4-13).

In addition to the primary facility, PACES™ is also capable of incor-
porating the costs of any supporting facilities such as parking lots, sidewalks,
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("Project \
Detads | Comments |
Project Name Peterson AFB Enisted Dom Units Option Ergen -
Project Number Prepared by CE Programmer
State / Country |coLoraDo - Date Created 5/ 772013 B+
City / Location [PETERSON AIR FORCE BASE - Constuction St~ 6/ 12015 @~
Chent / Agency L{._rg.w = Construction Duration 18 Morths
Project Midpoirt MMAYYYY
Escalation 93IR %
Area Cost Factors Location Modfiers
Matera 0643 Seismic Zone [Moderste Damage -
0.357 Summer Dry Bulb 88 F
Equipment ooz Witer Dry Bub 2F
Total ACF 102 Defauts Frost Line Depth 40 N | Defouts
\ S
wcﬂm

1
2 SeesTax % of Line 1 250% s0
3 DrectLabor | | | s/
[]4 | Payroh. Tesses and narance %ok Lne 3 | 3%00%| |
5  SUBTOTAL |AddUnes1-4 | | 50
& Moblaaton [%ef a5 | osox| 0|
7 | Feid Oveead e LreS 1000% )
8 SUBTOTAL |AddUnes5-7 | | s0

Figure 4-9. PACES™ graphical user interfaces for project and markups.

* % dorm X e 1 Primary Facilitics Mariup Cost
Wodss pddoes] | Run_] AF Enlsted/1 + 1 Dom | 50
[ -

AF Balcony Domitory - Type Il
AF Balcory Doemiocy - Type V'
AF Breezeway Domitory - Type Il
AF Breezeway Dommitory - Type V
AF Comider Dommory - Type Il Supporting Facilities Group Markup Cost
AF Comdor Domitory - Type V
AF Enlisted/1 + 1 Dom

AF Enlisted/2 « 2 Dom
Officer 01 - 02 Doemitory
Officer 03 - Up Domitory

Figure 4-10. Query ability for facility types in PACES™.

and landscaping (See Figure 4-14). Just like when creating the primary
facility, the user will add a secondary/supporting facility, search for and
select the appropriate facility type, and edit the details and quantities as
necessary.
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5" Standard Slab on Grade

Stair Construction

Windows
Roofing: Standing Seam Metal Roof | 1-1/2" Rigid Insulation

Metal and Wood Interior Doors

Flooring | Vinyl Flooring | Mylon Carpet | Ceiling Suspension System
Conveying Systems: N/A
Plumbing: Lavatories | Sink | Showers

Exterior Closure: Split Rib Block | Loose Fill Block Insulation | Aluminum Frame Exterior

Interior Finishes: Gypsum Wallboard and Paint | Ceramic Wall Tiles | Clay Ceramic Tile

AF Enlisted/1 + 1 Dorm

e Substructure: Concrete Foundation Wall and Strip Footings | Steel Reinforced Spread Footings |

« Superstructure: Medium Span, Steel Joist Frame | Galvanized Metal Roof Deck | Metal Pan

Interior Construction: Metal Stud Partitions | Non-Load Bearing Concrete Partition | Hollow

Figure 4-11. Building descriptions embedded in PACES™.

[ Facity Defintion | FSA Selection | Shel Parameters | Assamblies | Comments |
Facity

AF Enisted/1 + 1 Dom

Descrption

62.316 SF

4| Defaut FShs
¥ Shel Assemblies

|720000 | UNACCOMPANIED PRSNL HOUSING

| 711221 USA FAMILY HOUSING

| 71121 WHERRY FAMILY HOUSING

| 7114971 YEN FAMILY HOUSING b

f Search housing

Bl AF Enlisted/1 + 1 Dorm =

Hep | [ ok ]

——

b

_

Figure 4-12. Facility definition interface for unaccompanied personnel housing.

Creating a parametric cost estimate usually results in a more accurate
cost estimate, and also allows the programmer to compare alternatives quickly.
For example, they could see what the cost difference would be if they added
an elevator to the building or only used stairs, or what the cost difference
would be between a brick veneer and stucco. Parametric cost estimates and
programs like PACES™ are powerful decision making tools that can save
owners and engineers time by providing an added level of clarity on construc-

tion costs.
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({8 AF enfisted/1 + 1 Dom [=l=]
[ Facity Defintion | FSA Selection | Shel Parameters [ Assembles | Comments | .
) Xittppe adg
FSACategory [(A1) ~| | FSA Name Avea (SF) FSA%
T () [ |COVERED WALKWAYS AND SERVICE AREAS _ 13872 2281|
. =220) L) | LAUNDRY, STORAGE. AND MAID'S ROOM _ 3755 602|
| FSAGrow FSA Name = | |LOUNGE AND GAME ROOM _ o oo
RESTROOMS  1/2BATH | MAIL ROOM | 0] 0.000} [
. MECHANICAL. ELECTRICAL. & BUILDING SUPPORT 5221 8378
N e D QUARTERS - ENLISTED/1 » 1 (506 SF/UNIT) 39,468 63.335
CLOSEDOFFICE 214 - MH ADMINISTRATIVE OFFICE
CLOSEDOFFICE 260~ MENTAL HEALTH CLINIC
MEDICAL 261- PTSD INTENSIVE OUTPATIE
TELEPHONE 96 MAN BARRACKS COMMUNICAT
ENTRYWAY/W... 96 MAN BARRACKS COVERED W
o| | MECH/ELECT 56 MAN BARRACKS ELECTRICAL | |
| | MECH/ELECT 96 MAN BARRACKS MECHANICAL i
- | | Gross Area 62,316 100% ||
MAABTERS G MAM BADDACKE NI IARTERS I 1 T 1
1« m ’ Project Area 55,380
i
[ Hep Tenart [ ok ][ cance

% = = J

Figure 4-13. Customizing the facility shell with additional functional use areas.

Supporting Facilities Group Markup Cost o~
Run | Waste Water Collection (Advanced) |Water, Sewer & Gas - $0 |
Run | Water Distribution (Advanced) Water, Sewer & Gas v LIE
Run_| Water Storage Tanks Water, Sewer & Gas - so||
T' Heathngu;:l_h;lg Distribution System | Steam and/or Chilled Water Distr - 90' I
__Run..]| Access Roads Paving, Waks, Cubs & Gutters | v 50
Run | Parking Lots Paving, Walks, Curbs & Gutters - s0
|_Run | Sidewalks Paving, Walks, Curbs & Gutters > SOI 7]

Figure 4-14. Supporting facility possibilities within PACES™.

MILCON TRANSFORMATION

The DoD is constantly seeking to improve its MILCON processes. Applications
like PACES™ were implemented in the 1990s to help ensure greater certainty in the
programming and estimating phase of the facility lifecycle. In the first decade of
the 21st century, the DoD employed BIM as a way to help improve design
certainty. BIM use in the architecture, engineering, construction, and operations
(AECO) industry increased from 17% in 2007 to 49% in 2009 to 71% in 2012
according to McGraw Hill's Smart Market industry-wide surveys (Berstein 2012).
One of the contributing factors attributed to this increase was requirements from
large owners like the U.S. Army Corps of Engineers and U.S. Air Force that BIM-
based designs serve as the basis for MILCON projects. The Army began suggesting
that BIM was desired in 2006 (Brucker 2006) and made it a requirement in 2009.
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Figure 4-15. Burns & McDonnell (A-E firm) rendering of the HQ joint intelligence
center and central command facilities at MacDill air force base, florida alongside a
navisworks™ view of the first ever mandated air force BIM-based project.

The Air Force started requiring BIM on October 1, 2009 for projects designed in
fiscal year (FY) 2010 and beyond (Sinkfield 2010). The first project that the
Air Force ever required to be designed with a BIM-based approach was actually
in FY09, the Central Command Headquarters facility at MacDill Air Force Base
(See Figure 4-15).

Stated either directly or indirectly, the intent of the Army and Air Force for
new BIM design requirements was to save money, decrease project delivery time,
and improve project design and construction quality (Temple 2006). However,
little research has been accomplished to evaluate if this new variable (BIM-based
designs) has improved the facility delivery cycle in accordance with DoD intent.
This research sought to fill that void.

BIM IN THE US ARMY

For FY 2013, the MILCON budget declined to $9.6 billion, $1.8 billion less than
the 2012 budget. Of the three departments, the Army experienced the biggest drop
in funding; declining $995 million to $3.2 billion in 2013. Air Force MILCON fell
$893 million to $566 million, while the Navy’s account decreased $339 million to
$1.9 billion (ADC360 2012). Clearly, military funding for construction is increas-
ingly competitive today. Conversely, in 2005 under the last Base Realignment and
Closure (BRAC) commission, the DoD had a windfall of large MILCON budgets.
In order to accommodate record MILCON budgets at that time, the Army sought
to transform its MILCON procedures to adapt to the large amount of construction
projects. The Army’s MILCON Transformation primary initiatives were stan-
dardized projects that were “adapt-built” across the country as well as implement-
ing a BIM Based approach to support their designs. In order to have a clear way
forward, the Army promulgated their BIM strategy in the “BIM Road Map”
(Temple 2006). Despite being less than 100 pages long, the Army BIM Road Map
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of 2006 was a landmark document for owners seeking to document their BIM
strategy and has been used by many other owners since as a basis for rolling out
BIM-based design requirements.

Since 2006, USACE has partnered with BIM-aggressive, private-sector
individuals, firms, and academia in conducting discussions and workshops on
mutually beneficial BIM issues, such as best practices, standards, and contract
language. Their goal is to strengthen public and private sector BIM initiatives.
Part of the original MILCON Transformation Strategy was rapidly creating
project requests for proposals. The Army created an “RFP-wizard” that con-
tained boilerplate language that could be easily adapted for the large volume of
projects. As a subset to this RFP-wizard, Attachment F (Whole Building Design
Guide 2013) outlined BIM-based deliverables for A/E firms competing to win the
projects. Attachment F dictated minimally acceptable requirements in BIM-
based designs (Hutsell 2011). Moving forward to 2012, USACE BIM contract
requirements/mandates from Attachment F were replaced by the more
collaborative BIM Project Execution Plan (PxP) template and the Minimum
Modeling Matrix (M3). There are several differences and improvements in the
M3 approach versus the old Attachment F contract language (Foster and
Hutsell 2012). When the Army initially created the Army BIM Road Map in
2006, BIM was viewed as a way to save time and labor associated with producing
architectural drawings sets. In 2012, with the new release of the second
iteration of the BIM Road Map, the Army focused on using BIM as a vehicle
for business process transformation throughout the facility lifecycle from
design through construction and into the facility management phase (See
Figure 4-16).

As described in Attachment F (Whole Building Design Guide 2013),
designers or Architecture and Engineering (A/E) firms were required to submit
a BIM execution plan. The intent of the BIM plan was to establish the organiza-
tions’ general means and methods of meeting the Scope and Deliverable require-
ments of USACE BIM Contract Language, and USACE was permitted to withhold
payment for design or construction until the plans were acceptable to the
Government. The plan was important because the government could withhold
payment for contractors who did not accomplish acceptable performance in
executing their BIM plans (Brucker 2006).

In reality, when most firms submitted their plan, plans were approximately
one page of writing saying, “we will do BIM” and 50 pages of marketing material
on the history and benefits of BIM (Foster and Hutsell 2012). The Army knew
that a new approach was necessary. The solution and new approach for USACE
BIM plans is to use the USACE Performance Execution Plan (PxP). The PxP was
devised with assistance from Pennsylvania State University and the buildingS-
MART alliance™. The primary benefit of this new approach is that it establishes
specific BIM project goals and objectives with clear accountability on which
party will accomplish or support accomplishment of the design goals. Moreover,
process maps help demonstrate the chronological progression of BIM
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Educate
Complote inital BIM training in all Districts

Maintain BIM competency with
continuing education

Innovate

Leverage BIM for
improved quality and
substantial

Integrate

MO ivear 2010 2012 7014 7076 2020
o 7014 7076 7018 7020 7024

Figure 4-16. Army BIM road map plan for business process transformation across
the facility lifecycle.

deliverables as the individual project matures. In this way, project partners can
“map out” where they will model specific portions of the project’s design, as well
as how the model will mature throughout the life of the project. This foresight
also aids in model accountability, so that all project partners know who should
be modeling what.

Diving deeper, the Army’s Minimum Modeling Matrix (M3) is a Microsoft
Excel based interface that helps determine modeling requirements in conjunction
with scope, Level of Detail (LOD), and grade of model for execution by project
participants. The M3 uses the Construction Specification Institute OmniClass ID
system and its accompanying parent items like “substructure” and then child
items like “foundations” to delineate what will be modeled at what phase of the
project’s BIM execution plan (See Figure 4-17).

The Army’s approach, outlined in their updated 2012 BIM Road Map,
represents the leading strategy in the federal government with respect to clarity
and specificity regarding BIM guidance. Because of the Army’s collaboration with
the private-sector and academia, their work benefits all A/E firms who wish to win
contract awards for the DoD’s billions of annual MILCON—and should eventu-
ally result in better designs and facilities.
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Figure 4-17. Visual component tied to omniclass element tied to level of detail
(LOD) (Courtesy of Foster and Hutsell 2012).

BIM IN THE US AIR FORCE

The United States Air Force began requiring BIM-based designs on their
MILCON projects on October 1, 2009 for their FY2010 MILCON program.
Mr. Rick Sinkfield, Air Force Chief Architect, worked in conjunction with
Colonel Michael Hutchison and others from the Air Force Civil Engineer
Center’s office of Air Force Capital Investments to include language in all new
Design Instructions (DIs) that year requiring A/E firms to accomplish their
designs with a BIM-Based approach. The Air Force modified the Army Corps of
Engineers Attachment F and adapted it as their primary document governing
BIM deliverables for Air Force MILCON. Later for FY2011, the Air Force created
an Air Force-specific version of Attachment F for use in both Design-Bid-Build
and Design-Build projects. Most notably, the Air Force also drafted a 157-page
“Air Force BIM Flight Plan” document that was meant to guide BIM Champions
at the strategic, operational, and tactical level on BIM use throughout the facility
lifecycle.

The BIM Flight Plan is complete and used by some today as a reference
providing analysis of BIM software, capabilities, and forward thinking; however it
was never formally adopted. Therefore, the Air Force accomplishes most of its
BIM program ad hoc and BIM-use is still relegated to the design phase of
MILCON projects. However, BIM data is not used downstream as it is still
gaining traction in the Air Force Operations and Maintenance (O&M) commu-
nity. Work with Air Force Next Generation Information Technology (NexGen
IT) leaders is ongoing to integrate BIM data from MILCON projects being
completed today into the Air Force’s winning future asset management platform,
TriRiga™.
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For this reason, and until BIM can show some downstream benefits as
described in the National BIM Standard, it is even more critical to evaluate BIM’s
use in the design phase and if there is a correlation with construction project cost
to determine if it is yielding any savings in the capital investment phases of design
and construction. This was the driving force for the research accomplished and
described in the rest of this chapter.

RESEARCH METHODOLOGY

This research attempted to demonstrate the impact of mandating a BIM-based
design approach and evaluated completed Air Force MILCON projects from
FY2007 to FY2012. Research compared BIM-based projects with non-BIM-based
projects of similar types to determine whether or not there were statistically
significant differences in the results. The null hypothesis is that BIM-based
projects would not demonstrate a statistically significant difference for cost per
square meter compared to non-BIM-based projects of similar facility type or
category code. Additionally, Deke Smith and the National BIM Standard (NBIMS)
committee called BIM a “disruptive technology” (Smith 2007). Subsequently,
the DoD wanted to disrupt the existing project design process and attempted to
reduce construction time and cost growth through better, BIM-based designs.
However, there is no conclusive research that shows that the DoD’s BIM
requirements resulted in statistically lower cost or time growth.

There are thousands of projects tracked by the Army and Air Force with a
myriad of funding types at locations all over the world. The first step for beginning
the quantitative portion of the research was to determine the “filters” for distilling
all of the projects into a control population of typical construction performance
for a few types of frequently recurring projects. In other words, it was important to
determine which projects would and would not be evaluated.

If all of the projects in the Air Force from 2007 to 2012 were the initial dataset,
the research team set out to filter that dataset down to a manageable amount of
projects. The first filter used to create the dataset was the year in which the projects
were funded.

Next, projects were filtered to evaluate only those that were “construction
complete.” This included projects that were physically complete, substantially
complete, financially complete, and/or those that were fully complete and resided
in construction history after transitioning into real property operations and
maintenance.

The third filter applied eliminated projects of facility types (or category codes)
that were not primarily vertical construction. For example, airfield pavements and
utility projects were eliminated from analysis.

The fourth filter applied eliminated facility types that did not have at least 30
projects in their datasets. The remaining facility types had a mean of 62 projects
per facility type. After the initial dataset of control projects was filtered according
to the four steps discussed, the Air Force Civil Engineer Center helped identify
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which projects in the dataset were accomplished using a BIM-based approach.
AFCEC is the central agency for all staff functions in Air Force civil engineering
and serves as the centralized office charged with managing all traditional Air Force
MILCON projects worldwide (Wolff 2012).

After receiving BIM information from AFCEC, one final step was taken to
filter the data. Project category codes that had no BIM-based projects in their
complete dataset were removed. (e.g. the military family housing project dataset
met all the other filterable criteria, but had no BIM-based projects, so it was
removed).

DATA ANALYSIS

The initial data collection and reduction of Air Force MILCON projects resulted
in projects in seven categories. Table 4-1 shows a breakdown of the facility type,
number of projects, and number of BIM-based projects. Of the total number of
projects, 434, 29 projects were accomplished with a BIM-based approach. This
represents less than 7 percent of the total number of projects in the design phase of
execution from FY07-12.

Upon inspection, data was further filtered and research focused on the
category with the most BIM-based projects for some initial, simple descriptive
statistics. Fitness/youth centers had 14% of the project dataset being accomplished
via a BIM-based approach; representing a percentage that is twice as high as the
average number of project categories. Specifically for fitness/youth centers (cate-
gory code 740), there were 57 projects total and of those, eight were accomplished
with a BIM-based approach. With an average size of 3,510 square meters and
average cost of $9.15M, it is notable that this facility type had an average cost per
square meter of $2,607 for non-BIM-based data.

Focusing solely on the eight BIM-based projects, they had an average size of
3,506 square meters and $8.69M for an average cost per square meter of $2,478.

Table 4-1. Initial filtered data description

Cat Code Description # of projects # of BIM based projects
141 Operations/Admin 79 2

171 Technical/Training 72 3

211 Hangars 77 6

721 Dorms 48 1

730 Support 54 4

740 Fitness/Youth Centers 57 8

610 HQs 47 5

Mean 62 4.1
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Table 4-2. BIM-based project cost comparison for fitness/youth centers

Average Average
# of projects in 740 Cat Code Size (SM) Cost (SUSD) $S/SM
57 (non-BIM based) 3,510 $9.15M $2,607
8 (BIM-based) 3,506 $8.69M $2,478
Variance -5%

This represents a favorable 5% difference in average cost per square foot for
BIM-based projects (See Table 4-2). [Author’s Note: MILCON projects are
switching over to using metric measurements for facility area and some projects
in the dataset were already represented in metric. Therefore, metric area measure-
ments were used for standardization purposes.]

HYPOTHESIS TESTING

Further research was conducted to evaluate all category codes and compare the
BIM-based projects with their control dataset of projects that were not accom-
plished with a BIM-based approach. First, the average cost per square meter (final
construction cost) for all category codes was used in conjunction with the standard
deviation and sample size to determine if the sample size provided a normal
distribution (See Figure 18). According to Devore, hypothesis testing a dataset in a
two tailed t-test requires a normally distributed population (Devore 2008). To
determine if the sample sizes were large enough to be considered normally
distributed with the amount of variance the dataset demonstrated, a statistical
“rule of thumb” was applied. The equation for this test is:

tvalue*  deviation?
7

Target Sample size = Eq. 4-1

152 % mean

Five of the six category codes evaluated had a sample size that exceeded the
statistical rule of thumb sample size for normal distribution. Except for category
code 730 (support facilities) which had too much variance, the control datasets
were large enough and demonstrated acceptable variance to be considered normal
distributions. Therefore, the data was appropriate for comparison with the
BIM-based variable datasets of similar category code. It is important to note
that Category Code 721(dorms) had to be eliminated from the initial dataset
because its sole BIM-based project did not have sufficient area data and therefore
was impossible to compare to the control dataset. Upon further investigation, half
of the six facility types had an average cost per square meter lower than their
control dataset’s average. However, half of them had average costs per square
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CAT CODE 141 211 171 730 740 610
Metric cost/sm | cost/sm | cost/sm | cost/sm COST/SM COST/SM
avg $3,139 $3,444] $3,325 $3,877 $2,628 $3,207
dev $1,718 $1,876| $1,704 $3,828] $1,375| $1,221
std dev of the mean 204 234) 205 591 196| 184
Actual Sample Size 71 64| €9) 42 49| 44
|95% t value 1.994] 1. 1.995| 2.018) 2.010] 2.01!
[00% t value 1.667| ' 1.667| 1677 %
|95% interval value 406.08]  468.45 409.33| 394.62 370.89)
[90% interval value 339.42] 391.37 342.09 329.22 308.22
l95% Cv 0.13| 0.14] 0.12] 0.15] 0.12
{90% v 0.11 0.11 0.10 0.10}

$2,915

ple Size (.15CV)

Sample Size (.15CV) 36.89 36.7 32.47 122.5 34.17 18.
BIM-BASED cost/sm | cost/sm | cost/sm | cost/sm COST/SM COST/SM
Bl Sample Size 2 5 2 4 8 5

BIM 740 $3,746 $3,095 $3,304 $4,769 52,478 $3,654

Comparison (95%) OUTSIDE INSIDE INSIDE INSIDE INSIDE OUTSIDE
Comparison (S0%) QOUTSIDE INSIDE INSIDE INSIDE INSIDE OUTSIDE

+/- AVERAGE? UNFAVORABLE FAVORABLE FAVORABLE UNFAVORABLE FAVORABLE UNFAVORABLE

Figure 4-18. Normality testing and compatrison for BIM-based projects.

meter that were higher than their control dataset’s average. Additionally, two of
the six facility types were unfavorably outside the 90% and 95% confidence
intervals for cost per square meter. In other words, according to the data, you
could predict with 95% certainty that a future project in the 141 or 610
(operations/administration or headquarters) facility types accomplished with a
BIM-based approach would cost more per square meter than a project that was
not accomplished with a BIM-based approach. For these category codes, the data
provides evidence contrary to the null hypothesis that BIM-based projects would
not demonstrate cost per square meter differences.

DISCUSSION

With the stochastic nature of construction project execution (Ellirtgwood 1987),
it is important to note that the correlations for this data subset do not suggest
causation. For the category codes that were less expensive on the average
(training facilities, hangars, and fitness/youth centers), researchers could
speculate or infer that there was possibly less rework and greater design
certainty, leading to less overall cost per square meter. Unfortunately, there
were also administration or headquarters projects that cost more per square
meter for BIM-based projects. Possible explanations include geographical
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variables or market forces. (e.g. a BIM-based project in one area of the
world may have a great design but be less successful in the construction phase
due to poor management or labor shortages particular to that contractor
or area).

As the results are inconclusive, more research is required to determine further
correlation or trends associated with comparing traditionally non-BIM-based with
BIM-based projects. Moreover, it would be beneficial to apply a new statistical
approach that uses sensitivity analysis to find which key performance indicator
could be the most predictive, rather than explanatory, for future construction
success.

Furthermore, there needs to be an easier way for MILCON project managers
to enter their project data so that the data can be more reliably evaluated for
changes in productivity when variables such as BIM, LEED, or others are
introduced into the system. There were many projects that had to be eliminated
from analysis after learning that their data was incorrectly entered in some of the
fields, rendering them useless for analysis with respect to the approach accom-
plished here. For Air Force leaders to make informed decisions, future MILCON
databases need to be populated with reliable data and should be saved or indexed
in a way that makes them easy to query. Perhaps NexGen IT initiatives will
incorporate easier graphical user interfaces or other initiatives to accomplish this
for the Air Force.

The initial research also set out to analyze Army construction metrics, as
well, but the datasets were even more unwieldy than the Air Force’s, resulting in
an inability to run the normality or confidence interval approach on the
voluminous data. Despite support from Army contacts at the Seattle District
and their central Resident Management System (RMS) helpdesk, applying this
research methodology was like trying to fit the “proverbial square peg in a round
hole.” Unfortunately, Army data will have to be analyzed differently for future
research efforts.

Lastly, it was informative that despite the BIM-based requirement, the Air
Force had a very low (less than 7%) proportion of projects that are completed that
have been accomplished with BIM. Further research will aim to include many
more projects that were accomplished with BIM, as well as projects that were
accomplished by firms with more BIM experience, further lowering the initial
capital cost of “going BIM.” It is reasonable to infer that future trends may indicate
that BIM-based projects will demonstrate lower cost per square meter than the
data analyzed here from the projects from FY07-12.

DYNAMIC PROTOTYPES

In 2008, the Air Force partnered with Jacobs Global designers to create BIM-based
designs that would optimize and standardize repetitive facilities like enlisted
dormitories, security forces facilities, fitness centers, and fire stations. The
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DYNAMIC
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Figure 4-19. Dynamic prototypes site screen capture.

philosophy was that by creating optimized layouts on a small scale with individual
spaces like dorm rooms and bathrooms, these smaller, optimized layouts could be
repeated and combined to make optimized facilities. In other words, the BIM
provided a “kit of parts” or “Legos™ for building better facilities. This was the
genesis of the dynamic prototypes.

In 2009, Jacobs completed the Air Force’s first dynamic prototype, enlisted
dorms. By going to the Dynamic Prototype Program and using an AFCEC provided
login, any designer creating a new facility can use the dynamic prototypes to quickly
create approved Air Force designs that optimize useable area (See Figure 4-19).

Design teams used the dynamic prototypes for design charrettes or Rapid
Design Development (RD2) sessions to help plan future projects. In one particular
case, Jacobs designers used the dynamic prototypes to create entire campuses of
dorms for Lackland Air Force Base in only two days (see Figure 4-20). The
designers noted that previously, they would have spent most of their time trying to
determine room layouts, but because of the dynamic prototypes, they were able to
maximize design on a much larger scale, in much less time.

The dynamic prototype program started with enlisted dormitories and is
working on creating more dynamic prototypes for the facility types the Air
Force builds the most. Additional benefits of the dynamic prototypes exceed the
geometric benefit, and emphasize the “I” in BIM. Dynamic prototypes are pre-
loaded with, and allow for additional specifications tied directly to the building data
within the design. In this way, assembly codes and their appropriate spec sections
are embedded in the kit of parts. The software used to accomplish this is called
“eSpecs™ for Revit” (see Figure 4-20). AFCEC is excited about the possibility of
requiring this even on designs that do not use dynamic prototypes.
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Figure 4-20. Screen capture of RD2 end product using dynamic prototype dorm
layouts.
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Figure 4-21. Screen capture of embedded specifications tied to geometry in the
BIM.
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CONCLUSIONS AND RECOMMENDATIONS

It is imperative that the federal government improve its “culture of cost con-
sciousness.” Because MILCON budgets are typically in the billions of dollars, even
a slight percentage process improvement would yield millions of dollars in return
on investment. Therefore, this research’s impact should be two-fold. BIM-based
mandates should continue in line with industry trends of noted improvements and
best business practices should be documented and benchmarked to drive down
MILCON costs. As an owner, the Department of Defense needs to strive towards
continuous improvement. For future A/E firms to be successful, they will need to
align their processes and organizational behavior with DoD BIM-based project
design and acquisition requirements.

Lastly, the military needs to reflect more on the impact of their strategic
mandates. In other words, military leaders should apply the scientific method
when implementing process improvements to evaluate whether their changes
yield the desired results in the long term. In this way, the best process improve-
ments will become part of the standard operating procedure, while other changes
may be discarded in favor of more successful process improvements.

Conclusions and recommendations for the primary items/initiatives dis-
cussed here will be provided in the same order as listed in the chapter. First,
one way to apply the scientific method to the “traditional” process of estimating as
described at the beginning of the chapter and published in Air Force Manual
32-1084 and the Unified Facility Code is for the government to accomplish metric
collection and test for sensitivity analysis to determine those variables that have
the greatest impact on construction cost and time growth. Applied further,
estimators could apply ranges of sensitivity and provide cost estimates with
confidence intervals to commanders and Congress for a more accurate picture
of MILCON estimates. Applied even further, contracting officers could incentivize
contracts for contractors who are able to meet quicker schedules and lower overall
cost targets. In this way, MILCON contractors would be motivated to complete
their projects more quickly and for less overall cost, if they knew there was an
incentive (in the form of increased pure profit) for finishing within specified
targets.

Second, estimating like PACES or the Army’s TRACES tool, which also helps
estimators predict cost by providing historical cost databases need to be error
checked and cross-checked with traditional estimating processes like 32-1084.
Some MILCON estimators have called for tools like Beck’s D-Profiler that
combine models with cost data so that early design can present not only massing
models, but also a model-driven cost component. Currently there is no military
tool or software that is widely used that provides this type of functionality. This is
an area ripe for further research by computer programmers or the software
industry.

Third, the paper addressed the Army’s BIM PxP approach that better helps
contractors and owners assimilate BIM requirements into contract language.



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

MILCON IN THE DEPARTMENT OF DEFENSE 105

In follow-up, anecdotal research, leading VDC contractors like Mortenson, Inc. of
Minneapolis, Minnesota are also using the PxP on projects that are not required by
the owner. The BIM PxP warrants further research for how it has helped
implement BIM on projects in the public and private sectors. At first glance, it
appears that is as achieved the often sought, but rarely achieved goal of a research
endeavor that brought together the National Institute of Building Sciences,
Universities, Contractors, Architects, and large federal owners and truly provided
a tool that is so useful all the parties specify its use. In fact, since this chapter’s first
draft, the U.S. Air Force followed suit and also mandated a slightly Air Force-
specific version of the BIM PxP for use on all FY14 (and later) MILCON projects.

Fourth, owners need to evaluate the impact of their mandates. Every year,
there are scores of mandates, Executive Orders, Engineering Technical Letters, and
laws levied on MILCON projects. However, other than the occasional Govern-
ment Accounting Office (GAO) audit, there are rarely ever efforts accomplished to
determine the impact of the new requirements. The Department of Defense needs
to do a better job of using their supervision, inspection, and overhead employees
to become an “army of sensors” who are able to document and provide data for
knowledge management and data mining to determine trends regarding new
initiatives. Only initiatives that can demonstrate successful goal accomplishment
should be retained and pursued. Others should be abandoned. This research
demonstrated one relatively simplistic way to include metrics in response to
mandates.

Fifth, the dynamic prototypes and e-specs initiative should progress for all
facilities which are commonly found on Air Force installations. They serve as
optimized facility layout tools and their updates will help increase design
innovation. Contrary to the Army’s facility standardization initiative of the mid
2000s, the Air Force’s dynamic prototypes initiative better accommodates base
architectural standards, flexibility, and model-based simulations while still retain-
ing optimized facility functionality. As demonstrated in the Lackland charrette,
dynamic prototypes allow designers the ability to provide more design options
more quickly, which should be the ultimate goal of every design charrette.
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CHAPTER 5

BIM Inertia;

Contracts and Behaviours

M. Hooper*
K. Widén"

Abstract: Whilst Building Information Modelling (BIM) promises significant
improvements in construction quality and efficiency, current contractual models
do not encourage its use; indeed actively inhibit the collaboration at its core. To help
bring BIM into the mainstream, it is claimed we need to re-craft existing contractual
relationships to facilitate collaborative decision making and to equitably allocate
responsibility among construction participants. This chapter looks at the case of
Sweden and aims to identify and appraise observed hindrances to BIM collabora-
tion and digital information stewardship. It presents an understanding of the
connections between the commercial environment and contractual provisions that
regulate the party’s business relationships and the resultant procedural and
behavioural phenomena that can be viewed to thwart BIM collaboration and
degrade the value or integrity of digital deliverables. The study then, in a more
general context, asks what we can learn here that may have wider application
through consideration of suitable BIM collaboration support mechanisms that may
reduce or remove collaboration barriers, induce open, sharing behaviours and
support the creators and users of digital information. Methods employed include a
critical review of existing contract forms, synthesized with focus group interviews
(FGIs) with representatives from diverse AEC disciplines. Results indicate that a
number of systemic difficulties exist that can create an inertia which can be
traced through behaviours and circumstances to contractual provisions. An under-
standing of such difficulties is presented and a consensus emerges on a number of
key supporting mechanisms that may better facilitate meaningful early BIM
collaboration and oil the wheels of communication without recourse to re-writing
the rule-book.
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INTRODUCTION

BIM implies an increased collaborative effort in the early stages of construction
projects (Jongeling, 2008; Eastman et al. 2011). But in what ways is this
prerequisite manifesting itself in contractual provisions and procurement? In the
US, Ashcraft (2008) has highlighted the need to re-craft existing contractual
relationships to facilitate collaborative decision making and to equitably allocate
responsibility among all construction participants. Consequently the American
Institute of Architects (AIA) has developed through its partners a series of new
contractual arrangements compatible with an Integrated Project Delivery (IPD)
philosophy. Reports are emerging on the successful and advantageous application
of IPD to support BIM (Cohen 2010), whilst elsewhere the industry is toiling with
half-hearted collaborative processes, thwarted by contractual inertia imposed
though traditional procurement routes.

In Europe, progress towards contractual support for BIM and delivery of
integrated processes has been markedly slower. Pfitzner et al. (2010) reminds us
that changes are required at national and project level, including commitment
among project team members to collaboration. Owen et al. (2010), in connection
with collaborative processes and BIM, explains current conditions exhibit under-
lying cultures of distrust and litigation that impede experimentation, iterative
approaches to design solutions, and progress with BIM integration. Furthermore,
that silo mentalities prevail and document-based information exchange across
professions and throughout supply chains ensure digital information and partic-
ularly any associated intelligence, coordination and agility is either corrupted or
lost and it passes downstream.

Owen et al. (2010) further argue that successful implementation of integrated
processes requires changes including: a team approach, support for innovation
and tolerance of failure in a team; strong lateral linkages and decentralized
decision making; networks of commitment; and new forms of contracting,
transparency and risk management. Finally, Race (2012) claims BIM as a means
of cooperating through information management in the project team is currently
at odds with the legal and commercial environment in which it has been invented,
and that contracts and procurement documentation tend to insulate and isolate
rather than actively support collaboration. They set boundaries and barriers which
are not conducive to working in a BIM mode.

These studies and reports present a broad range of difficulties associated with
BIM collaboration and information sharing within the contractual arena but lack
insight and practitioner feedback on perceived connections between contractual
provisions and behaviours and secondly on the suitability of emerging measures to
mitigate barriers to BIM collaboration and the delivery of integrated digital
construction project information. Accordingly, research conducted so far on
contract related hindrances to BIM collaboration is limited and requires further
investigation. There are areas in need of further investigation which bring together
behavioural and procedural aspects of contract execution with the need for
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improved early collaboration on BIM projects. This may provide a method in
which one can consider if and how the traditional mindset can be overcome.

From the above we can identify the following research question: What is the
connection between traditional contracting and BIM inertia and what are the
necessary components that may facilitate more effective early BIM collaboration?

More specifically, the research here aims to examine the connections between
the legal and commercial environment of construction contracts and the resulting
procedures and behaviours that may be seen to hinder BIM collaboration. An
understanding of the issues involved may shed light on the suitability or otherwise
of BIM collaboration support mechanisms emerging elsewhere.

Collaboration is at the core of the use of BIM technology across sector
disciplines and through facility life cycles. Ashcraft (2008); Knight (2008); Pfitzner
et al. (2010); Eastman et al. (2011); Race (2012) all suggest that change in
contractual arrangements, whether addendums to existing contracts or entirely
new contracts are evitable but there is still little knowledge on what to add or
subtract to facilitate a more effective early collaboration centred on the smart use
of BIM resources, technology, and applications. This study aims to shed new light
on the barriers and challenges to earlier and meaningful collaboration around BIM
implementation, presents an understanding of the key issues and considers the
suitability of plausible collaboration support mechanisms based on the AIA’s E202
Model (AIA 2008).

This research builds on that in the field and contributes with insights into real
world collaboration difficulties in connection with the creation, use and exploita-
tion of digital project information in the commercial and legal context regulated
by the construction contract.

The enquiry focuses on phenomena experienced in the Swedish construction
industry which can be considered typical (vis-a-vis contracts and behaviours)
within the European arena and considers what aspects from the results may have
wider relevance or application. The literature review supports the study. The
empirical data collected has been limited to interviews with a number of national
organisations and covers a broad and representative range of disciplines.

The context of BIM inertia, contracts and behaviours, focuses on those:
1) In connection with the design — construct — operate process generally; 2) In
connection with generating and implementing a project-specific BIM-Plan; 3)
In connection with planned BIM-Uses and down-stream utilisation of digital
information.

The investigations enable an articulation of discrete relationships between
construction contracts, the legal and commercial environment, and the circum-
stances and behaviours that create barriers to collaboration in connection with
BIM and the exploitation of digital information. The findings reveal a number of
distinct behaviours, remnant from traditional contracting, are present in BIM
projects that significantly hinder full utilization of digital data and compromise
project outcomes. Finally, broad support for some form of BIM-Addendum to
contract exists however a resistance to new contract forms prevails. The question
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that remains is whether BIM-Addenda will themselves reduce or eliminate
barriers to BIM collaboration. Nevertheless, BIM-Addenda are seen as a means
to support an improved and meaningful BIM collaboration and represent a first
step towards a more integrated approach to project delivery.

The chapter begins with a description of the methods used in the study. The
outcomes from document review and industry interviews are then presented
which emerge as a set of key issues against which BIM collaboration support
mechanisms can be arranged. This is followed by a discussion of the results and
their implications.

METHOD OF INVESTIGATION

A qualitative approach was adopted from a critical realism perspective where
acknowledgement is made to contextual factors (associated with case) whilst also
arguing the phenomena under study can occur in similar settings (Saunders et al.
2009). Adoption of this approach supports the investigation in so far that it
allows for the study of a complex and contemporary phenomena over which the
investigator had little or no control (Yin 2009). Data gathered has been
deductively analysed to expose and interrogate the key components that influ-
ence the particular phenomena under study and enable a clearer understanding
of both contractual and behavioural challenges to BIM collaboration in context
and provide insight into emerging issues that can be deemed as relevant
generally.

The main findings on BIM inertia, contracts and behaviours builds upon a
critical analysis of the key documents outlined below and applies Focus Group
Interviews (FGI’s) as secondary research method of data collection to identify
where industry perceive hindrances exist and assess the level of concern. FGI's
differ from surveys and questionnaires as they not only enable the collection of
more in-depth data, but they also provide a forum for the different disciplines to
share and clarify their views on various discussion issues (Denscombe 2008).

The presented literature enabled development of the research proposition that
if adequate contractual provision is present to support an integrated BIM approach,
behavioural and circumstantial barriers to collaboration may be reduced or
eliminated - which is tested qualitatively. Support for this fundamental proposi-
tion is based upon the analysis of the collected data extrapolated from document
review and interview responses. Together this aims to provide a new understand-
ing of inertia-making factors and what mechanisms impact on digital information
stewardship.

Literature review suggests that existing research tends to focus on outcomes
from isolated experiences or obstacles to full adoption of BIM at a more general
level. However, it does reveal sufficient evidence to suggest real compatibility
difficulties exist between traditional contracting and working in a BIM mode.
With this knowledge our proposition is formulated which enables the study to stay
within feasible limits (Yin 2009).
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The data collection process started with an interview protocol, which was
developed to increase consistency of the research (Yin, 2009). Accordingly, all
interviews followed similar case questions and collection procedures. The protocol
focused on a narrow set of questions designed to unravel known and perceived
contractual and behavioural difficulties on BIM projects.

A deductive approach is chosen for maximizing reliability and credibility in
the results. The main unit of analysis is evidence of barriers to BIM collaboration
with embedded units being the responses from the interview sessions. Analysis
began with transcribing interviews into summary statements thereby abstracting
and transforming the data into emerging patterns and then into a set of key issues
where evidence was convergent and corroborated. This enabled the establishment
of patterns and connections between contractual provisions and behaviours on
BIM projects and furthermore, their effects. To provide a structure to aid data
analysis and presentation of results, the emerging key issues are interpreted into
categories and themes (Denscombe 2008). From here a selection of generalised
conclusions are drawn.

A Review of Key Documents

As part of the empirical data collection in connection with this study a number of
key contextual documents were collected and reviewed including existing local
contract documents and BIM supporting documents such as the AIA Document
E202-2008 (AIA 2008), Integrated Project Delivery: A Guide (AIA 2007), and
the buildingSMART alliance™ BIM Project Execution Planning Guide (Anumba
2010).

Focus Group Interviews

Six interview sessions were carried out with industry participants including
architects, engineers and contractors. The selection was based on a prior knowl-
edge of their advanced BIM adoption and targeted to enable collection of
empirical data from those who create or author digital information and might
be the chief users of such tools as the BIM-Docs mentioned above and illustrated
in Figure 5-1.

Whilst owners or clients are important in connection with BIM and setting
minimum requirements etc, here, owners were not included in the interviewed
groups. Instead, focus is placed primarily on the AEC team, their contracts and
behaviours. Typically owners expect or demand data drops or digital deliveries
corresponding to phases and are seldom concerned with the how aspects of
delivery. Whereas, there is usually a myriad of exchanges within the AEC group
demanding planning and standardized procedures if the digital data is to maintain
its integrity downstream.

Those interviewed are active in all industry sectors (inc. commercial,
residential, industrial, civil) and represent the leaders of those BIM adopters
in Sweden. The interviews were semi-structured and focused on discussions
centring around the identification (from a user perspective) of known process
barriers to the use of BIM in connection with the functioning of Traditional and
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Figure 5-1. BIM-docs: constituent parts for BIM-projects + propositional
integration components.

Design & Build construction contracts, and the standard form of consultant
appointment. Consideration was afforded to the impact of a standard agreement
on digital deliverables (OpenBIM 2010) and relevant aspects of the AIA’s
Document E202-2008 Building Information Modeling Protocol Exhibit (AIA,
2008). Respondents were asked to suggest where they thought obstacles to
collaboration exist, in particular in relation to:

o Existing contractual provisions and BIM.
o Downstream transmission of digital information (information exchange).

o The ability to create and implement common, project-specific strategic BIM
plans.

o Successful project coordination with regards to level and commitment to
collaboration.

Conducted through a consistent interview protocol, the interviews with
industry consultants focused on collecting responses to a concise set of questions
and points of view in relation to the diagram in Figure 5-1 (BIM-Docs: Constitu-
ent parts for BIM-Projects + Propositional Integration Components) which
derives from and builds upon the principle research proposition. The diagram
presents the existing contract documents to be found in Sweden today, together
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with a number of ancillary documents that are emerging within the industry here
and elsewhere that are purported to support BIM processes and facilitate
enhanced cooperation. Respondents were asked to consider the relevance, appli-
cation and suitability of all interconnected documents (existing and propositional)
and their influence on project team capacity and propensity to collaborate on BIM
projects.

Interviews were carried out at various levels within six large AEC organisa-
tions, with consideration to both building construction and infrastructure con-
struction case projects. In all organisations BIM is already an area of strategic
interest and well established amongst organisation leaders.

Figure 5-1 pulls together a number of key concepts that collectively may help
to shed new light on the question of what are the necessary components that may
facilitate more effective early BIM collaboration and safeguard the downstream
use of digital data. The diagram attempts to map out the key existing BIM
documents and protocols that have a bearing on the use and implementation of
BIM on construction projects today, and combines a selection of plausible
collaboration supporting mechanisms based on the AIA’s model.

UNDERSTANDING CONTRACTUAL AND BEHAVIOURAL OBSTACLES
TO BIM COLLABORATION

This section presents the main results of the study and is divided into findings
from the document review and those from the industry participant interviews.
These are pulled together with a summarising section reflecting on procedural
circumstances and behavioural fallout from contractual inertia.

Outcome from Document Review
Standard Form of Consultants form of Appointment (ABK 09)

In Sweden, there is only one standard form of design Consultant Appointment
(ABK 09) that is recognised nationally. It is neutrally written with regards to the
details of how Consultants exchange and deliver design information for construc-
tion. Often separate project specific appendixes are added to this form of
agreement to deal with matters of information management on ad hoc basis.
ABK 09 (BKK 2009) has been developed from previous versions in an attempt to
meet today’s requirements; however the form makes no reference or accommo-
dation for provisions to support collaboration in connection with the use of digital
information and BIM. Edgar (2011) notes that it merely regulates copyright and
responsibility for design information presented as paper drawings and as such, is
not tailored for digital information or BIM.

Furthermore, ABK 09 lacks any form of specific support for integration. Ithasno
provisions for either strategic collaboration or projects centred around BIM tech-
nology and processes and as Blom (2010) states: “There is nothing in ABK09 that
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Figure 5-2. Design and construction process for the AB04 traditional form of
construction.

regulates who owns the digital information, what the copyright is worth and what
access rights are valid, or even responsibility for the accuracy and correctness of the
digital information.” These deficiencies have attempted to be addressed through the
option to append a new standard form dealing with digital deliveries (OpenBIM
2010). Its deployment so far has been limited but has brought behavioural issues into
discussion and reinforces the need for better contractual support.

Traditional Form of Construction Contract (AB 04)

The Traditional form of Construction Contract (AB 04) (BKK, 2004), approach-
ing 10 years old, offers little support to BIM concepts and the implied need for
early project team collaboration. The AB family of contract forms are set out with
similar chapters covering responsibility, fees, etc. What is not regulated in AB is:
collaboration means or methods, compensation or strategic incentives, how sub-
contractors are procured and managed. It can be said that the design and
construction process associated with the Traditional Form (Figure 5-2) compro-
mises opportunity for cross discipline collaboration centred around the BIM.
The limited overlap between the design phases and construction phases thwarts
collaborative efforts from the start. In a BIM mode, however, the effect of
misaligned scopes and absent or ad-hoc buy-in to BIM-Project goals can be seen
to present a new set of challenges.

Here the traditional procurement system, shares some of its main character-
istics with the British traditional method (except for, the role of the architect). The
client typically initially appoints a Project Manager as representative who advises
the client on further appointments. Contractors tender on the work based on
completed design documentation and the client’s only contractual relationship
with the contractors is that with the main or general contractor. The main
contractor procures subcontractors to carry out work sections but is responsible
for coordination of the construction and the performance of subcontractors.
Subcontractors may have design portions, but are often on board after the main
design effort is complete.

From the organisation of the traditional model (Figure 5-3), one can observe
that the inherent separation of the client and consultants on one side and
contractor team on the other, immediately creates barriers, contrary to the ideas
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Figure 5-3. Organisational structure of the traditional procurement system.

of team-building, collaboration, and working together towards common goals for
the good of the project. Separation of not only design and construction activities
but contractual relations can be seen to inhibit the necessary free communication,
cooperation and feedback between teams. This has been shown to lead to
knowledge islands and defensive behaviour (Pfitzner et al 2010).

Design & Build/Performance Form of Construction Contract (ABT 06)

Intended for use in connection with so-called turnkey projects, the Design &
Build/Performance Contract (ABT 06) presents conditions of Contract for works
where the contractor undertakes total execution of the construction and also
undertakes to produce all or a substantial part of the design. Here the main
contractor’s presence through a substantial part of the design and construction
phases (Figure 5-4) enables a high degree of consistency of purpose and
team optimisation to occur. However, such contracts can lead to a restriction
of competition since only a few contractor organisations have sufficient
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Figure 5-4. Design and construction process for design & build/performance
contract form.

economic resources to manage the design, meaning only a few can compete for
the work.

As with the Traditional contract, D&B/Performance (ABT 06) offers little
specific support to BIM or BIM processes per se, but equally no specific hindrance.
Often client or contractor organisations will append or insist on the adoption of
in-house IT/BIM Manuals setting out strategic and administrative decisions on a
project bases. One hindrance here is that there is a lack of National BIM Standards
in Sweden and BIM ‘demands’ are generated by the most powerful actor in the
team almost on an ad-hoc basis.

This form of contract corresponds in principle to the British Design and Build
procurement in which the client provides a skeleton brief detailing functional
requirements upon which the main contractor develops the building design.
Clients may employ an Architect to develop a programme and concept design who
may later be novated to the Contractor. The number of projects under this form of
contract in Sweden varies from year to year, but the system has been known to
account for more than 50% of the market (Nordstrand 2009).

This contact procurement system is an example of a response to the
increasing need for a more integrated design and construction process. The main
contractor is responsible for the whole process of leading and coordinating the
integrated design and construction phases and takes total control over the building
project. The contractor has a single contract (Figure 5-5) covering both planning
and execution of the building project and is responsible for construction in
accordance with the current standards and with the functional requirements laid
out by the client.

Significant characteristics of the Design & Build / Performance contract in the
context of BIM planning, information flow and early collaboration include:
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Figure 5-5. Organisation of the design & build/performance contract model.

o The Design & Build/Performance Contract offers the greatest potential for
meaningful collaboration since a fuller team is assembled from the beginning.

« It provides a suitable platform for partnering agreements — a move toward IPD.

o The contractor has the opportunity to demand project team compliance with
project goals as opposed to only internal organisational goals.

« Client has a single point of contact. Less control over detailed aspects of the
design.

« Contractor is responsible for design and construction which more readily
enables a more robust digital information stewardship through the presence
of a downstream continuum from the start.

o Construction work can be started earlier as design work can proceed in
parallel, however, the time required to prepare work packages depends on the
complexity of the project.

« Statutory Consent is a concern since building permits are often not applied
for until the contractor is appointed and can take an uncertain amount of
time to be granted. Delays in this respect can have serious consequences.

o To be successful, tender documentation must be explicit regarding require-
ments and expected operation and maintenance costs.

« Such contracts can lead to a restriction of competition since only a few
contractor organisations have sufficient economic resources to manage the
design, meaning only a few can compete for the work.



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

118 BUILDING INFORMATION MODELING

Notwithstanding, a number of major contractors are developing various
forms of transparent construction contract with clients - partnering solutions —
which demonstrate a desire for greater collaboration and can be seen to represent a
move toward IPD.

Agreement on Digital Deliveries (ADL 2010)

Supported and available through OpenBIM, the Agreement on Digital Deliveries
(OpenBIM 2010) is intended to address the contractual deficiencies of the
standard Consultant Appointment (ABK 09) with regards to the adoption of
BIM and the use of digital information. It contains formal clauses to facilitate
agreement concerning delivery and use of digital information for building
construction projects (a similar form is expected to emerge for infrastructure
projects). The form can be used to regulate and agree the details regarding delivery
of digital information, specifically:

o The rights to the output from the commission.

o Delivery specification of digital information.

o Control of receipt of that digital information.

o The client’s use and access rights to the digital information.

« The suppliers/consultants responsibility for the digital information.
o Archiving of design material.

The motivations behind such an appended form are clear, however a number
of opportunities have been missed. Examples of parts that continue to be
problematic and need to be further investigated include:

o The scope of the model including which systems and disciplines to be
included for which uses.

o The level of development in models for different stages.

o The accuracy and status of BIM content (eg, as scanned, as measured, as
designed, etc).

o Whether the model shall constitute the contract documents or should the
extracted ‘dumb 2D drawings’ be the only valid document.

o Review and approval processes of design proposals/digital information
content.

o If the model contains too much information how one must sort out what
applies for the purpose.

o Ownership, copyright, etc. need to be reviewed in relation to AB and ABK.

AIA Document E202-2008 & Integrated Project Delivery

The AIA Document E202-2008 Building Information Modeling Protocol
Exhibit (AIA 2008) in the US has been developed specifically to support BIM
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collaboration and enable project organisations to leverage the benefits of BIM in a
systematic way. It presents a formal means of agreeing BIM project priorities and
deliverables in a standardised form, enabling teams to proceed with foresight,
setting out what models are to be produced and how the models can be used.
The document includes provisions to agree: BIM Delivery Schedule, BIM Uses
Schedule, Level of development at project stages, Model Authorship and Model Use
Authorisation.

The E202 establishes protocols on expected level of development (LOD) and
authorised uses of the BIM data on a project basis. It assigns specific responsibility
for the development of each model element to a defined LOD at each project stage.
By contrast, in Sweden there is a lack of standard documentation to enable the
expected scope and objectives for BIM to be agreed, detailed and suitably
documented. It is conjectured that an adapted version of these five concepts may
be of practical application in Sweden to support cross boundary BIM collabora-
tion. By formalising these five concepts through a standard set of contractual
provisions, project participants can nurture a greater clarity of purpose and
remove confusion around matters of authorship, liability and intellectual property.

Integrated project delivery (IPD) is already in use in some form on many
projects around the world. It yet has to make its debut in Sweden although it is the
source of intense discussion for key stakeholders in the Design-Construct-Operate
(DCO) industry. Whilst BIM offers the possibility of dramatic advances in project
information coordination and collaboration, the full potential of BIM will not be
achieved without adopting structural changes to project delivery methods (Auto-
desk, 2008). IPD offers an opportunity to redress traditional difficulties where key
issues regarding compensation, contractual relationships, risk allocation, and so
forth can be overcome. Greater awareness, owner mandates, and industry
initiatives are critical to the widespread adoption such of new delivery methods.

The AIA defines IPD as: “a project delivery approach that integrates people,
systems, business structures and practices into a process that collaboratively
harnesses the talents and insights of all participants to optimize project results,
increase value to the owner, reduce waste, and maximize efficiency through all
phases of design, fabrication, and construction.” (AIA 2007)

Accordingly, the definitive characteristics of IPD include:

« Highly collaborative processes that span building design, construction, and
project handover.

o Leveraging the early contributions of individual expertise.

« Open information sharing amongst project stakeholders.

o Team success tied to project success, with shared risk and reward.
 Value-based decision making.

o Full utilization of enabling technological capabilities and support.

With IPD the relationships of project participants are fundamentally altered,
which gives rise to the demand for new forms of standard contract documents
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(such as the ConsensusDocs and AIA E202-2008) that address important new
BIM collaboration issues. Already changes in business models, scopes of services
and deliverables are redefining the relationships of interested parties around
measured outcomes. The IPD philosophy offers impetus towards improved
project coherence through combating fragmentation.

The buildingSMART alliance™ BIM Project Execution Planning
Guide (BIM PEPG)

The buildingSMART alliance™ BIM Project Execution Planning Guide (BIM
PEPG) (Anumba et al, 2010) is a new supporting guide with the primary aim
to help construction professionals clarify roles and responsibilities, determine
scope and level of detail, cut costs and optimise return on investment (ROI). The
plan claims that to successfully implement BIM, a project team must perform
detailed and comprehensive planning. A well-documented BIM Project Execution
Plan will ensure that all parties are clearly aware of the opportunities and
responsibilities associated with the incorporation of BIM into the project work-
flow. A completed BIM Project Execution Plan should define the appropriate uses
for BIM on a project (e.g., design authoring, cost estimating, and design coordina-
tion), along with a detailed design and documentation of the process for executing
BIM throughout a project’s lifecycle. Once the plan is created, the team can follow
and monitor their progress against the plan to gain the maximum benefits from
BIM implementation.

The plan suggests that project participants from the earliest stages generate
a strategic BIM-Plan that enables agreement on common goals through 4 key
steps:

o Identify high value BIM uses during project planning, design, construction
and operational phases.

o Design the BIM execution process by creating process maps.
o Define the BIM deliverables in the form of information exchanges.

o Develop the infrastructure in the form of contracts, communication proce-
dures, technology and quality control to support the implementation.

BIM PEPG provides a useful resource for teams to set out project goals as part
of an integrated effort to collaborate meaningfully and deliver a BIM project.
However, pilot studies on digital information exchange (Hooper and Ekholm,
2010) that sought amongst other things to assess the suitability and practicality of
implementing such a project-orientated strategic BIM-Plan, identified that al-
though players thought it was a good idea to have a strategic BIM-Plan in place, a
number of execution difficulties emerge:

« The BIM-Plan required to be implemented at the early design phases meaning
owner, design team and contractor buy-in. Many key project participants
were not and could not be present — such as the main contractor and key sub-
contractors - since they had not been appointed yet and where simply not on
the scene.
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« Absence of key players during the implementation of a so-called project-wide
BIM Implementation Plan compromised its purpose and diluted its credibility.

o A tendency for individual consultant disciplines to focus on their own
contribution rather than the down-stream use and value of their design
effort prevailed.

o Participants agreed that some sort of common strategic BIM plan was of
benefit and helped to address the deficiencies of existing guides.

Yet a shift in project organisation from Design & Build/Performance contract
model toward IPD indicates it may be possible that the fundamental difficulty
associated with the timing of appointments and formation of the core team can be
overcome. It is further conjectured that as part of a move to incorporate
collaboration supporting mechanisms and protocols, a project specific, common
strategic BIM-Plan is a necessary component to enable delivery of a collaboration-
rich project.

BIM Inertia — Contracts

Table 5-1 presents a summarized and categorized overview of contracts and their
respective characteristics pertaining to BIM projects.

In seeking to collect empirical data from industry participants, interview
discussions centred around responses to probing questions connected with the
practical use and application of the documents cited in Figure 5-1 on BIM projects
were conducted. Identification of perceived barriers or inadequacies was sought.
Specifically, respondents were asked to suggest (from a user perspective) known and
suspected contractual barriers to the use of BIM in connection with the functioning
of said documents. We then turned to ask where participants thought obstacles to
collaboration exist, in particular in relation to downstream transmission of digital
information (information exchange); the ability to create and implement common,
project-specific strategic BIM plans; and successful project coordination. Finally,
responses were sought in connection to the propositional diagram (Figure 5-1:
BIM-Docs: Constituent parts for BIM-Projects + Propositional Integration Com-
ponents) which suggests a number of key concepts purported to support an
integrated delivery process. Here respondents were asked whether there is appetite
in the industry to use some or all of these concepts in practice today. And to suggest
where they thought obstacles exist in adapting these as national branch standard to
support BIM collaboration.

Outcome from Focus Group Interviews

Variance of points of view across sector disciplines was observed as minimal and
considered insignificant for this study. For this study, focus is placed on reporting
on matters where consensuses of opinions were revealed. Responses are sum-
marised and are later reflected upon as procedural circumstances and behavioural
fallout from contractual inertia. Table 5-2 presents a categorization of the key
issues that emerged from discussions which can be distilled meaningfully into 3
themes: Procedure, Circumstance and Behaviour.
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Regarding the proposition presented through Figure 5-1: BIM-Docs: Con-
stituent parts for BIM-Projects + Integration Components, the following observa-
tions are noted:

o Level of Development Schedule at each Stage - was something that all
respondents thought would be useful to aid and support collaboration.
Currently this is missing and no comprehensive standard method of pre-
senting this information as part of contract documents exists in Sweden.

o Many questions remain over the responsibility for the correctness of digital
information. For this reason amongst others, a standard form of Object
Author Matrix was considered of value in conjunction with an information
approval system.

o Whilst a number of internal BIM-Plans exist (taking various forms) a
standard project specific BIM-Plan with an objective to align to whole-team
BIM-Goals was recognised to be of benefit.

o Scepticism prevailed regarding the relevance of an Authorised Uses Schedule
(documenting how the recipient of a model may use the data) — since today
models are generally only issued for information only, and for this reason authors
see no reason to regulate the recipient’s use of it. But a model can potentially be
used for a raft of different uses (costing, scheduling, performance simulation,
code checking, and visualization, to name just a few), it seems obvious that the
author of the model should define the suitability of the model for a particular use.

o It is acknowledged to be of national interest to have such concepts accepted
as sector standards. Obstacles include lack of client interest and absence of
state intervention.

A general consensus emerged agreeing that if these supporting components
were lifted from being ad-hoc to being formulated into readily available sector
standards, the industry may benefit from a more integrated approach through an
enhanced scope for meaningful collaboration. The augmented diagram presented
as Figure 5-6 summarises the substance of the respondents’ reactions to the
proposed chart, extracted from field notes. It furthermore suggests that a core of
interconnected supporting mechanisms are desirable amongst AEC players which
may, at least in part, address the observed inertia in BIM collaboration that can be
seen to be generated by behaviours and circumstances stemming from, inter alia,
the traditional construction project mindset.

Reflections on Procedural, Circumstantial and Behavioural
Fallout from Contractual Inertia

Key phenomena or patterns are observed. Here, the raw qualitative data sum-
marised in the previous section is examined through an emerging set of procedural,
circumstantial and behavioural issues, stemming to a greater or lesser extent from
contractual provisions or the lack of them. These are reflected upon through
attaching effect and outcome parameters and cognisance is considered to the
impact of plausible BIM collaboration supporting mechanisms. Table 5-3 presents
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Figure 5-6. BIM-Docs: constituent parts for BIM-projects + integration components
(augmented).

a simple breakdown of patterns observed interpreted as fallout from contractual
indifference to BIM processes and integrated approaches. The results can be seen to
shed new light on the connections between contractual provisions and procedural
circumstances and behaviours on BIM projects that may have wider application.

In Table 5-3, 26 discrete issues surfaced as being significant in the context of
BIM projects resulting in, amongst other things, setbacks and frustration. Under-
standing traditional behaviours and their impact on BIM project outcomes brings
the need for decision-making and collaboration supporting mechanism into focus.
Whilst not all obstacles can be removed through the application of BIM-Addenda
championing BIM collaboration supporting mechanisms, a number of the most
important issues can be suitably addressed, enabling teams to affect a greater level
of integration.

DISCUSSION AND IMPLICATIONS

This chapter examines the connections between the commercial environment and
contractual provisions that regulate party’s business relationships and the resul-
tant procedural and behavioural phenomena that can be viewed to thwart BIM
collaboration and project outcomes. Whilst this research focuses on the case of
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Sweden, the patterns observed can be deemed typical and therefore can be seen to
strengthen and broaden the application of the emerging results.

The findings indicate that most industry representatives perceive similar
patterns of existing barriers to BIM collaboration, however are hesitant to place
the fault directly on contracts themselves, rather on a combination of circum-
stances and behaviours associated with traditional mindsets and the commercial
environment. The emerging issues cited in the results point towards a more tacit
set of phenomena that can be seen to relate to contractual provisions (or the lack
of them). A certain consensus emerged on ways to tackle said difficulties however
procedures remain ad hoc and a lack of standard approach prevails.

Having rationalised the attributes of certain BIM inertia into a set of re-
occurring procedural, circumstantial and/or behavioural issues one can more
readily draw an understanding of the connections to contractual provisions and in
the case of Sweden the lack of standard BIM collaboration supporting clauses or
addenda. Furthermore, the repeat occurrence of particular behaviours and
associated effects provides strong evidence to show that teams require support
on BIM projects to better manage decision making and deliver a more integrated
approach to project execution.

The balance between enabling and disruptive tensions that traditional
contractual arrangements can generate offers us insights into what collaborative
processes are important. Project outcomes purporting attributes of misaligned
goals or divergence over methodology can readily be traced back to poor or non-
existent provisions leading to protective behaviours. Accordingly, it is recom-
mendable that branch standard supporting mechanisms are adopted to avert
setbacks. This is consistent with past research. The novelty of this research is that it
provides a more comprehensive view of those behaviours that hinder collabora-
tion and can lead to inertia on BIM projects. This extends previous studies, for
example, Gu and London, (2010) which highlights the need for decision-making
frameworks to integrate solutions to both technical and non-technical challenges
or Rekola et al. (2010) which simply classifies problems into technology, people
and process categories.

The contribution of the research is an improved understanding of BIM
inertia, extended insight into the connections between specific behaviours,
traceable circumstances and BIM project outcomes, and a knowledge of a local
consensus behind the need for, and focus of, a number of BIM collaboration
support mechanisms.

CONCLUSIONS

This chapter investigated contractual and behavioural challenges to BIM collabo-
ration and digital information stewardship. It highlights a number of discrete
phenomena viewed as detrimental on BIM projects and validates the need for
tailored BIM collaboration supporting mechanisms to underpin the value and
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downstream utility of authored digital information about facilities. To the original
research questions of what the connection is between traditional contracting and
BIM inertia and what the necessary components are that may facilitate more
effective early BIM collaboration, we can now say, first that traditional project
structures and contracts can create discrete and often competing agendas and
associated behaviours. Lack of contractual provisions that support technology,
people and processes, can be said to be particularly problematic when working in a
BIM mode. Here a whole new set of procedural, circumstantial or behaviour issues
can emerge if left unchecked. Difficulties can be traced through commercial and
legal pressures to protective behaviours which can compromise collaborative
efforts and ultimately project outcomes.

Respondents highlighted the need for five key supporting mechanisms, which
if standardised, may offer a means to avoid communicative setbacks and frustra-
tion on BIM projects. Whilst ensuring collaboration and making BIM work on a
project wide basis may come down to the individual behaviours of the parties’
involved, certain contractual provisions can provide the framework to encourage
and support collaboration and guide team players to realising project BIM
objectives with minimum friction.

To the question of what we learned here that may have wider application
through consideration of suitable BIM collaboration support mechanisms that may
reduce or remove collaboration barriers, we can conjecture that the five collaboration
support mechanisms cited deployed as a project wide or even national standard
BIM-Addendum may, in theory, offer the active collaboration support necessary to
reduce or remove BIM inertia. Further work is required to test and tune this
hypothesis and assess the real impact of BIM addenda on project outcomes,
however results support Kuiper and Holzer (2013) conviction that ‘bolt-on’ addenda
to existing contract arrangements appear to be a necessary stepping stone towards
delivering integrated projects and this work contributes toward unravelling the
uncertainty over what such addenda should contain and what should be standar-
dised for the benefit of the industry and project outcomes. It will take time to
establish proven best practices and further time for de facto standards to emerge.
But what this study shows is that if one wishes to remove or reduce BIM inertia one
must first understand the behaviours and outcomes one wishes to change.
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CHAPTER 6

An Integrated Green BIM
Process Model (IGBPM) for BIM
Execution Planning in Green

Building Projects

Wei Wu, A.M.ASCE*
Raja R. A. Issa, F.ASCE"

Abstract: The symbiotic convergence of green building and building information
modeling (BIM) is represented by an emerging trend - green BIM. Project teams
find that synergies between green and BIM can improve project outcomes and they
are in a better position to accomplish established sustainability goals. Nevertheless,
the full potential of green BIM is yet to be explored, as indicated by recent market
research. The hypothesis is that for companies to successfully deliver green BIM
project, a holistic approach that strategically plans for BIM execution to achieve
sustainability goals is needed. The BIM Project Execution Planning Guidelines
(PEPG) is currently being adopted by project teams as a standard workflow of
strategic BIM implementation. PEPG, however, was not configured to address green
building projects specifically. This research sees an opportunity to inherit PEPG’s
framework and develop an integrated green BIM process model for BIM execution
in green building projects. Considering the prevalence of Leadership in Energy and
Environmental Design (LEED) green building rating system in the North American
building industry, this research focuses on LEED projects as an exemplary use case.
Two major activities conducted include: 1) a comprehensive literature review of
existing green BIM strategies and best practices, and 2) the proposition of an
Integrated Green BIM Process Map (IGBPM), which is essentially adapting PEPG
and initiatives such as the Architecture, Engineering, Construction, Owner &
Operator, Phase 1 (AECOO-1) Joint Testbed to address unique business processes
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of implementing BIM in LEED projects. The deliverables of this research include the
overall framework of IGBPM, the Level 1 IGBPM and exemplary Level 2 IGBPM
process maps, discussed along with case studies for verification and validation.

INTRODUCTION

Companies who are at the leading edge of building information modeling (BIM)
and green building have found remarkable synergies between the two major
industry trends. The term “green BIM” is coined as the representation of their
symbiotic relationship. Project teams are increasingly discovering how BIM
implementation might have facilitated accomplishing sustainability goals in
project delivery. Not only because BIM provides immediate insight into how
design decisions impact building performance, but the adoption of BIM also
necessitates integrated design process (IDP) and collaborative project delivery
(McGraw-Hill Construction 2010). Technical strengths of BIM in assisting
sustainability analyses and performance simulation in building design and
construction were relatively well understood. Studies conducted by Azhar et al.
(2009, 2011), Barnes and Castro-Lacouture (2009) and Bynum et al. (2013) have
demonstrated the capacity of BIM in facilitating decision-making and multidisci-
plinary collaboration at early design and preconstruction phase to accomplish
sustainability goals. Krygiel and Nies (2008), Hardin (2009) and McGraw-Hill
Construction (2010) delineated the technical strength and best practices of
utilizing BIM to plan, design and construct buildings in compliance with
sophisticated performance criteria and regulatory requirements.

Nevertheless, there is little research on how the process of BIM execution in
green building projects will influence the project outcome. An exemplary use case
in the North American building market is how to leverage BIM to accomplish the
Leadership in Energy and Environmental Design (LEED) green building certifi-
cation (Wu and Issa 2012). Current investigation of future green BIM develop-
ment has been technological-centric and focuses heavily on tool/functionality
enhancement (McGraw-Hill Construction 2010) to streamline certification com-
pliance with rating systems (e.g. LEED, Green Globes) and/or green codes (e.g.
International Green Construction Code (IGCC)). Providing that existing BIM
software applications may fall short of industry expectation, a handful of leading
companies have been very successful in green BIM, utilizing just about the same
collection of off-the-shelf BIM applications. Therefore, a legitimate guess is
that technological factors are only partially contributing to successful BIM
implementation in green building projects. This speculation concurs with the
research findings from Hékkinen and Belloni (2011) in investigating barriers and
drivers for sustainable building. They suggest that “sustainable building is not
hindered by a lack of technologies and assessment methods, but is instead
beset with organizational and procedural difficulties entailed by the adoption of
new methods”.
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Research Objectives and Scope

The hypothesis of this research is that the business process of BIM execution has a
significant impact on accomplishing project sustainability goals such as the LEED
certification. The hypothesis is made based upon the observation of broad
acceptance and utilization of the BIM Project Execution Planning Guide (PEPG).
PEPG is the first systematic effort in standardizing the planning of BIM imple-
mentation at project level. However, PEPG is generic for all building projects,
which inevitably lacks the emphasis or simply is not meant to address the
specificity of using BIM in green building projects.

This research intends to adapt general PEPG tenets and guidelines to address
specificities of green building projects, especially LEED projects; and to promote
and facilitate green BIM practices. The objectives of this research include:

o Conduct a comprehensive literature review of current research efforts and
industry best practices of green BIM;

 Propose and develop an integrated green BIM process map (IGBPM) using
Business Process Model and Notation (BPMN) as a special case of PEPG;

o Verify the proposed IGBPM and its possible implementation with LEED as a
use case via case studies.

The scope of this research is limited to identify the general execution planning
of BIM use in green building projects especially LEED projects, and the develop-
ment of IGBPM Level 1 & exemplary Level 2 process maps with LEED as a use
case. Preliminary validation is also conducted to verify the applicability of the
proposed IGBPM concept through case studies. The longer term goal of this
research is to adapt PEPG to green/LEED projects and create a practical process
model that is going to be utilized by companies who have been looking for
assistance on achieving better outcomes of green BIM projects.

BACKGROUND

Proposition of a dedicated BIM execution planning for green building projects is
premised on the convergence of two distinct but synergistic industry trends.
Lessons can be learned through the review of current literature on process
modeling of green building project delivery and generic BIM project execution
principles. It is also beneficial to examine industry best practices and current
research efforts on green BIM, which is anticipated to provide a desirable balance
of empirical and theoretical literature references that this research is grounded in.

Modeling Green Building Process

Process plays a key role in successfully delivering a high performance green facility
within budget and on time, according to Horman et al. (2004). Modeling is the
critical first step to better understand the green building delivery processes. For
modeling to be effective, it must consider the unique attributes of the process it is
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representing (Klotz et al. 2007). As a result, it is important to understand that the
unique sustainability goals pose additional requirements on the delivery process to
accomplish the project’s green certification, and necessitate early involvement of
key project stakeholders, owner commitment to sustainability and rigorous use of
performance modeling/simulation tools (Riley et al. 2004, Riley and Horman
2005, Beheiry et al. 2006, Horman et al. 2006). The theory underpinning high
performance project delivery is that reduced process waste is able to enhance both
sustainable outcomes and the business case for sustainability (Horman et al. 2006).
Emerging concepts such as integrative design (Reed and Gordon 2000), the
integrated design process (IDP) (WBDG 2012) and integrated project delivery
(IPD) (AIA 2007) in the AEC industry also confirm the importance of under-
standing the project delivery attributes which require multidisciplinary teamwork.
Molenaar et al. (2009) confirmed that collaborative project delivery methods such
as CM At-Risk, Design-Build and IPD were statistically more successful in
delivering LEED projects.

Building process models (BPMs) are products of implementing general
process modeling tenets, which were originated in the manufacturing industry,
in the AEC industry. BPMs define the essential functions required to provide a
facility to the end user (Wallace et al. 1987) and emphasize important information,
relationships and/or elements concerning the provision of the facility. Conceiv-
ably, the essence of building process models are the steps of “how” the facility is
constructed and “who” provides the necessary competencies to do so, contained
within the legal framework provided by the particular project delivery method.
In return, a BPM forms the basis for developing important understanding about
the characteristics of high performance building delivery (Horman et al. 2006).
For example, the Integrated Building Process Model (IBPM) developed by Sanvido
(1990) using the IDEF0 modeling language has been the foundation for extensive
research into how to map a facility delivery process from inception to turnover.
IBPM does not explicitly contain information about value added and waste
activity, and it is difficult to follow the overall process flow (Lapinski et al.
2005), but it could be adapted or further developed with the additional elements to
understand high performance building project processes (Horman et al. 2006).
Both IBPM for High Performance Buildings (IBPM™) and the Integrated Design
Process Model for High Performance Buildings (IDPM'™) are able to articulate
project value and process waste, integrating environmental objectives and require-
ments for project team competencies (Korkmaz et al. 2010). Another example, the
Integrated Building Lifecycle Process Map (IBLPM), is based on the third level of
IBPM to enable energy efficient design at the building system level with lifecycle
visualization (Lee et al. 2012).

Recent development of BPMs starts to acknowledge enhanced implementa-
tion of information and communication technology (ICT) technology in green
building project and attempts to integrate “Lean” principles (e.g. Lapinski et al.
2005 and 2006, Klotz et al. 2007) and “System Engineering” criteria (e.g. Bersson
2012). It is intriguing however, none of the existing BPMs have touched upon the
impacts and implications of BIM implementation on LEED project delivery,
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providing that most literature reviewed above referred to LEED certified building
projects that were relying on BIM for sustainability analyses and critical perfor-
mance modeling.

Modeling BIM Project Execution Process

Similar to green building, BIM implementation prefers more collaborative project
delivery methods and is urging a paradigm shift in current construction business
processes (Derrick and Mei Kuen 2008, Mihindu and Arayici 2008). Smith and
Tardift (2009) labeled BIM as a “disruptive technology” that posed a fundamental
challenge to the AEC industry considering the inherent fragmentation in the
overall supply chain (NIBS 2007). Discrepancies in the BIM sophistication of
project team members (Wix 2007) and interoperability difficulties associated
with use of heterogeneous BIM software applications (Gallaher et al. 2004) add
extra dimensions of complexity to BIM project execution. Laiserin (2007) shed
some lights on potential areas of improving BIM implementation to look at the
accuracy, consistency, integration, coordination and synchronization of the
execution process.

Process modeling efforts to address challenges in BIM adoption and imple-
mentation at project level were rare before the introduction of PEPG (Saluja 2009,
Coates et al 2010). The IPBM and the Generic Design and Construction Process
Model (GDCPM) (Kagioglou et al 2000) as foundational BPMs were also examined
to help better understand BIM execution. However, neither IPBM nor GDCPM
specifically focused on the tasks that a project team must perform to effectively
implement BIM at the project level. They were insufficient for supporting the
strategic decisions to be made by a construction team since an information
handover is required encompassing many specific BIM tasks, company information
and other external information (Saluja 2009).

PEPG provided the first well-formatted process model for BIM implementa-
tion at the project level. It defined the appropriate uses for BIM on a project (e.g.,
design authoring, cost estimating, and design coordination), along with a detailed
design and documentation of the process for executing BIM throughout a project’s
lifecycle. Major contributions of PEPG to facilitate better integrated BIM process in
project execution include: a method to identify BIM Uses; a procedure for designing
the BIM Process for the project; a method for defining the information exchange
(IE) requirements; a method to define the infrastructure necessary to support the
BIM Process; a structured method for team implementation of the procedure
through a series of meetings and intermediate tasks; and a structured method for
individual organizational development of typical methods for BIM implementation
(CIC 2010). PEPG is now widely adopted and utilized as an industry standard for
BM project execution, including in LEED green building projects.

However, PEPG is not crafted to target green building projects but more
about providing a generic process model for any projects that implement BIM.
The authors have interviewed several BIM or Virtual Design and Construction
(VDC) managers and coordinators who have substantial projects experience with
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both BIM and LEED. A few most frequently mentioned barriers to conscientiously
explore BIM integration in LEED certification to full extent reside in:

o Owner’s willingness and/or project requirements: Seldom there are owners
ambitious enough to mandate use of BIM to accomplish LEED certification.
Project teams see no motivation to take unnecessary liability and risks to use
BIM in LEED calculation;

o Costs: LEED is expensive, so is BIM. Project teams often target the low-
hanging fruits of LEED credits to reduce LEED certification costs, which is
often achievable effortless without BIM;

o Technology: Providing the competency of current BIM tools, project teams
are still challenged or feel impractical to use BIM to qualify certain LEED
credits, and produce desired metadata to prepare LEED documentation and
submittals. It is however possible for some leading firms to invest in internal
research and development (R&D) for expanded BIM capacity to gain
competitive edges;

o Interoperability: Not only members on a project team might use distinct BIM
applications, but also the sophistication level of BIM literacy and skills of team
members vary significantly. Information exchange and project information
flow may potentially suffer from incompatible exchange formats, or even
encounter interruption due to inability for non-BIM users on the project team
to produce, receive and process model data.

As a process model, PEPG did not address the above issues to clear off the
path for more ambitious BIM utilization in LEED projects.

Interoperability and Level of Development in Information
Exchange

To elaborate on the interoperability challenge faced by a project team, the
multidisciplinary nature of a LEED project team determines that the overarching
solution to interoperability should consider: What information needs to be
exchanged? What format? What business rulest When and between whom?
Initiatives in the industry take both proprietary and open-source approaches.
Partnerships between software vendors to articulate each other’s data formats are
mostly done in a proprietary manner, while the development of Extensible
Markup Language (XML) based exchange formats (e.g. green building XML or
gbXML) and the Industry Foundation Classes (IFC) are primarily open-source.

IFC holds the promise to be the interoperable standard for the exchange of
building product information and intends to cover all vital information about the
building in its life cycle (Eastman 1999). Major BIM software vendors are IFC-
certified to produce models and exchange model information in IFC format.
However, there are known issues in vendors’ compliance with IFC schema, which
result in geometric misrepresentation, loss of object information, confusion in
interdisciplinary revisions, large file size, and specific application requirements.
Fallacies like such can undermine the reliability of data exchange using IFC (Pazlar
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and Turk 2008). Meanwhile, IFC alone is not able to capture the business process
and its various developments which a user may later need, nor does it account for
the ways in which information is created and shared by the practitioners.
Development of the Information Delivery Manuals (IDM) and Model View
Definitions (MVD) are key enhancements to the IFC framework. IDM aims to
provide the integrated reference for process and data required by BIM by
identifying the discrete processes undertaken within building construction; the
information required for their execution; and the results of that activity (Grobler
2010). The main components of an IDM include Process Map (PM), Exchange
Requirements (ER) and Functional Parts (FP). MVD defines a legal subset of the
IFC Schema (being complete) and provides implementation guidance (or imple-
mentation agreements) for all IFC concepts (classes, attributes, relationships,
property sets, quantity definitions, etc.) used within this subset. It thereby
represents the software requirement specification for the implementation of an
IFC interface to satisfy the ER as defined in the IDM (Wix 2007).

There are some successes in IFC-based BIM execution process modeling.
Eastman et al. (2009, 2010a and 2010b) and Panushev et al. (2010) provided case
studies of IE standardization in process modeling for precast/pre-stressed concrete
using the IFC/MVD/IDM framework. IFC-based information exchange is also
broadly adopted in energy simulation workflow. Energy efficiency is an essential
step that leads to green building certification and long term cost savings in facility
operation. Maile (2007) and Bazjanac (2008) mapped out information flow in IFC
format between major energy simulation engines (i.e. DOE2.2 and EnergyPlus)
and commercial graphical user interfaces (GUIs). The Architecture, Engineering,
Construction, Owner Operator Phase 1 (AECOO-1) Joint Testbed is another epic
effort in developing and implementing IFC/IDM/MVD based methods to stream-
line communications between parties in the conceptual design phase to get an
early understanding of the tradeoffs between construction cost and energy
efficiency (OGC 2010). A dilemma of relying on IFC as the primary IE standard
throughout BIM execution in building projects resides in the fact that even
IFC-certified software vendors would not enforce its use, nor do they encourage
their customers to do so because there are extra efforts needed in validation using
model checking tools (e.g. Solibri IFC Optimizer) to ensure the data integrity when
model information is exchanged between software applications using IFC
(Malleson 2012).

In addition to interoperability, effective IE in project delivery is also content-
driven. The specific model components that are exchanged for a defined
sub-process within a discipline/domain often only represent a small ratio of
information captured in the model. Therefore, the project team has to arrive at a
certain Level of Development (LOD) to feed the information needed for
the specific business process to take place. In AIA (2008), a Model Element
Table (MET) was used to pair Model Element Authors (MEA) with LOD to guide
the appropriate project model development. PEPG also provides an IE worksheet
that uses Model Element Breakdown (MEB) to explicitly spell out the relationship
between the model elements and corresponding responsible parties for each BIM
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uses at a specific project delivery stage. In BIM execution planning, LODs are
critical in that it has a direct impact on model information allocated to domain-
specific sub-processes, which constitute the most practical aspects in implement-
ing a BIM project execution plan (CIC 2010, BIMForum 2013).

Best Practice and State-of-the-Art Research in Green BIM

PEPG is an innovation based upon the creative synthesis of industry best practices
of BIM implementation and knowledge gains from the research frontier. There-
fore, it is hoped that a similar approach of reviewing the following best practices
and research efforts can shed lights on developing the proposed IGBPM.

National/International Green BIM Initiative

Building sustainability is an applied concept of sustainable development. It bears
considerations not only related to building performance, but also attempts to
address the triple bottom line, specifically, the environmental, economic and social
impacts of the building industry. Because of the abundance of needed information,
efficient information-technological solutions are desirable. BIM arose as a solution
to support the supply, integration and management of information throughout the
building life cycle (Hakkinen and Kiviniemi 2008). In the US, the General Service
Administration (GSA) is leading the efforts to leverage BIM for high performance
buildings, by establishing the National 3D-4D BIM program and publishing the
BIM Guide Series (GSA 2012). The US Department of Energy (DOE) and the
office of Energy Efficiency and Renewable Energy (EERE) have also instituted
efforts to utilize advanced modeling and simulation technology via broad stake-
holder involvement for significant energy savings in capital projects. The Building
Technologies Program, the Commercial Building Initiative (CBI) and the Com-
mercial Reference Building Models for National Building Stock are highlights
among these efforts (DOE 2011).

Internationally, in the European Union (EU), the STAND-INN project
commissioned by the Europe INNOVA initiative was directed to facilitate the
integration of open standards into the business process to reduce cost and increase
the productivity and promoting sustainable development in the construction
sector. The STAND-INN project investigated BIM as a practical approach to
achieve life cycle sustainability of construction projects. The project proposed
interoperability based sustainability via the “Open BIM”, which was built upon the
information exchange framework using open standards such as the IFC,
the International Framework for Dictionaries (IFD) and IDM. It suggested that
IFC-based BIM should vastly improve its usefulness in facilitating sustainable
construction (Europe INNOVA 2008). A more comprehensive initiative, the
Energy Efficient Buildings, under the Information and Communication Technol-
ogy (ICT) for Sustainable Growth policy framework, was funded by the European
Commission (EC) through instruments like the 7th Framework Program (FP7) for
Research and Technological Development (RTD) and the Competitiveness and
Innovation Program (CIP). An open and extensible energy-enhanced BIM
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framework (eeBIM) was proposed to support the data flows for energy efficient
design and lifecycle management. The eeBIM framework, with clearly defined
ontology and information delivery manual, when bounded with a SOA-based
Integrated Virtual Energy Laboratory, IVEL (as developed in the HESMOS
project), would enhance the “energy interoperation” between energy simulation
model(s), Building Automation Systems (BAS) and Building Energy Management
Systems (BEMS) hosted in a semantic web environment (Katranuschkov et al.
2011, Scherer et al. 2011).

Green BIM Research and BIM/LEED Synergies

There is a good diversity of scholarly research on BIM and green building design
and construction. The following focus areas are categorized by particular BIM uses:

o BIM for building performance modeling, including energy and thermal
simulation (e.g. Yoon et al. 2009, Schlueter and Thesseling 2008, Bazjanac
2008, Laine and Karola 2007, O’Sullivan and Keane 2005), lighting simulation
(e.g. Huang et al. 2008), daylighting simulation (e.g. Welle et al. 2012).

o BIM for integrated design process (IDP) optimization, e.g. Wong and Fan
(2013), Oh et al. (2011) and Wang et al. (2010).

o BIM-based building evaluation, e.g. Motawa and Carter (2013) and Nguyen
et al. (2010).

« BIM software green design capacity evaluation, e.g. Reeves et al. (2012) and
Azhar et al. (2009).

Findings from the above listed studies may not immediately relate to
objectives of this research, but they provide insights into various contexts of
BIM uses in green building projects, which is valuable to devise the sub-processes
of IGBMP that are domain-specific and task-driven.

With LEED being a globally-recognized green building rating system, BIM
implementation in LEED design, credit analysis and documentation have caught a
lot of attention in the research community. In a simplistic manner, challenges to
accomplish LEED certification boil down to performance and documentation.
LEED is a prescriptive (versus performance based) rating system, using a set of
prescribed criteria with allocated scores to evaluate the “greenness” of a building.
Not only does the project team have to design accordingly, but also they have to
document the process in an exhaustive manner for certification review purposes.
The most recent update of LEED confirms its resolution to transform to perfor-
mance-based criteria and requires performance auditing for energy efficiency,
which makes facility management and the life-cycle perspective an essential part
of project certification endeavors. Most researchers have addressed BIM/LEED
synergies. For instance, Biswas et al. (2008) and Wu and Issa (2010a) proposed
system level integration of BIM and LEED; Barnes and Castro-Lacouture (2009)
and Bank et al. (2010) demonstrated the possibilities of using BIM as a sustainable
design decision-making tool, and relying on BIM-based information for certain
LEED points calculation. In addition, O’Keeffe et al. (2009), Azhar et al. (2010),
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and Wu and Issa (2010b) looked at how BIM could facilitate the LEED
certification process with design analysis optimization, information management,
documentation generation and certification review. Wu and Issa (2011, 2012) also
proposed a cloud-BIM based framework to automate LEED certification process
in response to the LEED Automation program that encourages seamless infor-
mation flow across heterogeneous software platforms (USGBC 2010). Although
none of abovementioned research has explicitly examined the project level
BIM/LEED execution process, they collectively made a convincing case that a
holistic approach for BIM execution planning in LEED projects bears significance
from the research and business perspectives.

Literature Review Summary

The literature review clearly revealed the underlying synergies between BIM and
green building. More importantly, it helped confirm the following assumptions:

o There is a strong interest among industry players and research scholars in
how BIM interacts with green building to facilitate more sustainable project
outcomes.

 Spontaneous efforts have been made by companies in exploring the best
practices of implementing BIM to achieve a wide range of sustainability goals,
such as energy efficiency, renewable energy potential, water conservation,
materials and resources optimization and indoor environmental quality.

o Functionality of current BIM tools is not perfect, but sufficient in performing
green building design and analysis to meet compliance requirements of codes,
standards and rating systems with relatively affordable costs.

o Current green BIM practices are heavily technology-driven instead of pro-
cess-driven. The business goals of BIM uses in green projects such as LEED
projects are not well defined. The roles and responsibilities are not explicitly
identified, allocated and enforced. The mechanism and standards for infor-
mation exchange are not established or not to the right LOD.

Sound process modeling and process mapping can significantly increase the
productivity and add value to green building and BIM projects. A better,
integrated process will promote green BIM practices to a different level. Existing
process models such as PEPG have been well developed to provide the skeleton of
a new, unique green BIM process.

METHODOLOGY

Process Mapping Methods and Development Procedures

Business Process Model and Notation (BPMN) is a popular process modeling
standard and graphical representation specifying business processes (White and
Miers 2008). It offers simple but standardized visual communication for users to
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understand the external and internal business procedures through a business
process diagram. BPMN is adopted by the National BIM Standards (NBIMS) in
the IDM for better integration with the detailed information exchange mapping
initiatives (Saluja 2009). The process maps in PEPG are also created using BPMN
in Microsoft Visio. A typical BPMN process has clearly defined business goal(s),
the process input/output, the responsible parties, tasks or sub-processes and the
information exchange. Processes may occur sequentially or concurrently, or
sometimes will reiterate.

The proposed IGBPM is developed using BPMN, following similar
procedures of PEPG but oriented to LEED projects in particular. Step 1 of the
procedures identifies the primary (LEED certification) and secondary (LEED
credits) business goals and potential BIM uses. Project delivery methods (PDMs)
are also analyzed, considering that project team building and information
exchange timeline are both affected by PDMs. Step 2 lays out the overall sequence
and interaction of identified processes according to the BIM uses at a specific PDM
phase. Step 3 presents the process-specific BIM uses driven by certain LEED credit
requirements, designates responsible parties, and spells out information exchange
strategy and the expected process outcomes.

Use Cases and Validation Plan

The IGBPM Level 1 process map acts like a placeholder to pinpoint Level 2
processes to project phases. In contrast, a Level 2 process map looks at a BIM use
and its intended LEED credit criteria with much closer scrutiny. Considering the
various LEED rating systems and the overwhelming amount of LEED credits,
this research is not intended to create all Level 2 process maps for each
individual credits. Rather, a selected exemplary use case was discussed in detail,
which examined BIM Use: Energy Analysis implemented to accomplish LEED
Credit: Optimize Energy Performance (applicable to several LEED rating systems)
and demonstrated the development of this process into a Level 2 process map.
It is believed that such discussion will offer adequate detail of guidance on
developing similar process maps for any other BIM Use — LEED Credit use cases.

The proposed IGBPM needs to verify the concept and practicality of
implementing standardized business processes such as the ones developed in
the IGBPM to facilitate BIM execution in LEED projects. The authors conducted
a comprehensive literature review of case studies with key words of IPD, BIM
and LEED. The criteria and procedures used to screen and select the suitable case
studies in this research are illustrated in Figure 6-1. The rationale behind this
approach is to address the reality of integration of IPD, BIM and LEED in the
industry, where sophistication levels of knowledge and experience among
companies are very diverse. Organizational level of IPD/BIM/LEED integration
is identified as the highest and represents the new paradigm that the industry
pioneers have established in terms of implementing IPD, BIM and LEED in their
business operations. Project level integration and process level best practices are
corresponding to the IGBPM Level 1 and Level 2 processes proposed in this
research.
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Comprehensive Literature Review for Case Studies
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Figure 6-1. Case study screening and selection criteria and procedures.

DEVELOP THE IGBPM

Step 1: LEED Strategy - BIM Use Mapping and Team Building

A LEED strategy is a recipe formulated by the project team at the inception of a
LEED project (often through a process called Design Charrette) to determine the
feasibility of achieving a certain certification level (primary business goal) based on
the accumulated LEED credit scores (secondary business goals). Depending on the
project delivery method, the LEED strategy also assigns individual LEED credits
with responsible parties on the project team. The completed LEED strategy is a
checklist that represents the project compliance path to LEED certification. The
mapping of BIM uses is then conducted on the basis of analyzing each attainable
LEED credit against its compliance requirements and anticipated project activities.
Figure 6-2 presents the LEED Category: Energy & Atmosphere excerption of the
developed LEED Strategy - BIM Use Analysis Worksheet based upon PEPG’s
Goal-Use Analysis Worksheet. The contents filled in Figure 6-2 came from a real
LEED project that used minimum BIM execution in the LEED Design Charrette.
As is shown, all LEED credits (including prerequisites) are firstly summarized into
corresponding LEED activities, which are essentially tasks that need to be
accomplished in order to score the LEED points assigned to this credit. A green
BIM use is then mapped with the LEED activity, which implies the responsible
party will rely on a particular functionality of BIM to conduct the desired
performance analysis and simulation to confirm the design will meet the LEED
credit requirements. The responsible party is usually the domain expert that
specializes in performing such tasks using BIM. Once the worksheet is completed,
it is like to become a great communication tool for everyone on the project team to
clearly understand the roles and responsibilities early on.

Concurrent with the mapping process is the team building. Collaborative
PDMs such as IPD encourage BIM used by multiple parties. One of the major
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Figure 6-2. LEED Strategy—BIM Use Worksheet: Energy & Atmosphere Excerption.

features of IPD is that it encourages early involvement of stakeholders and
encourages concurrent activities and enhanced collaboration among project
participants. Recent industry research of IPD best practices (AIA 2010, 2012)
summarized case studies delivered with integration of BIM and found that IPD
tended to encourage “just-in-time” information exchange and eliminating redun-
dant work in decision-making, which are exactly the characteristics of BIM-based
project information workflow. According to these case studies, there is a tendency
of increased use of IPD in BIM projects. In this research, identified IPD
project phases include: Conceptualization, Criteria Design, Detailed Design,
Implementation Documents, Agency Coordination/Buyout, Construction and Post-
Construction. Accordingly, the project team consists of the following major
stakeholders: Owner, Architects (expandable to include Landscape Architect)
Engineers (expandable to specify Civil, Mechanical, Electrical, Structural, etc.),
Contractors, Commissioning Agent (CxA), Consultants (including LEED
Administrator), Trade Contractors (expandable to M/E/P, etc.), and Suppliers. These
assumptions are obviously subject to great flexibility in real IPD project settings.

Step 2: Develop the IGBMP Level 1 Process Map

The Level 1 process map was developed based upon PEPG and the LEED of New
Construction (LEED-NC) 2009 rating system, and could be easily adapted to other
LEED rating systems, considering that the general environmental categories are
mostly equivalent in the whole family of LEED rating systems. A “process” is the
fundamental unit of a BPMN process map. Microsoft Visio provides built-in
BPMN templates and notations to streamline the mapping efforts. Figure 6-3
presents a typical Level 1 green BIM process with components breakdown.
A “LEED activity” (e.g. Perform Energy Analysis - Conceptual) for a specific
LEED sustainability goal (e.g. Minimum Energy Performance) was defined first,
the potential “BIM use” (e.g. Energy Analysis) as a sub-process (Level 2 process)
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Figure 6-3. A typical Level 1 process with components breakdown.

was then looked up from the LEED Strategy — BIM Use Worksheet developed at
Step 1 (Figure 6-2) with the primary designated “responsible party” (e.g. Consul-
tant). The process has an “input” and “output”. IE incidences are expected to take
place between responsible parties involved in this process. The process also has a
designated “Project Phase” (e.g. Criteria Design) of its occurrence.

The next step is to create similar processes at the same phase (Figure 6-4).
Notice there are also non-green BIM processes (marked with lighter color), which
do not address LEED activities but are part of the original PEPG process map.
These activities are generic and essential to any projects that implement BIM. By
repeating the same workflow through the entire project delivery, the overall
IGBPM Process Mapping — Level 1 is completed and illustrated in Figure 6-5 (with
limited resolution due to the size of the diagram).

As shown in Figure 6-5, there are two “blocks” of BPMN notations, defined
as “swimlanes”. Swimlanes are used to partition and organize activities. The
upper swimlane contains the bulk of all developed green BIM and non-green
BIM processes at each project phase, while the lower swimlane captures all IE
incidences and various inputs/outputs generated along with the process progres-
sion. Notice some of the IE incidences are marked in darker color. These IE
incidences are dedicated to LEED activities and represents LEED-relevant deli-
verables. These deliverables contain the raw data that will be further manipulated
to prepare LEED documentation for certification review purposes. The processes,
BIM uses and IE incidences at Level 1 are general and brief in nature, and act as
placeholders to present the team with a big picture of the BIM execution as project
elapses. It is living document that needs revisiting for update to reflect the actual
progress of BIM execution through the project delivery.

Step 3: Develop the IGBPM Level 2 Process Maps

The IGBPM Level 2 processes are essentially the elaborated discussions of BIM
uses (e.g. Energy Analysis) identified in Level 1 green BIM processes. A Level 2
process is task-driven, tied with specific LEED sustainability goals (e.g. Optimize
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Figure 6-4. A typical IGBPM Level 1 phase, e.g. “Conceptualization”.

Energy Performance) and often entails a domain-specific business workflow
(e.g. Whole Building Energy Simulation) but interfaces with a multidisciplinary
team. Responsibilities and IE requirements are clearly defined between responsible
parties. Exchange formats/data schemas and business rules of information
delivery are also stipulated and agreed upon. Figure 6-6 illustrates the IGBBP
Level 2 — Energy Analysis use case and its components breakdown.

In comparison with Level 2 processes in PEPG, Figure 6-6 exemplifies some of
the “LEED” flavor of an IGBPM Level 2 process. For instance, the “LEED
Gateway” is a process control of business decision-making, and is driven by the
LEED strategy, or applicable LEED reference standards. For the Energy Analysis
use case, the first business decision to make is about which compliance path option
the project team should take to meet the credit requirements of optimizing energy
performance. Only Option 1: Whole Building Energy Simulation is applicable
to this use case. The second business decision is to determine if the BIM
model has been appropriately developed and configured for energy simulation.
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Figure 6-5. Overview and major components of IGBPM Level 1.

LEED modeling requirements for energy simulation are regulated by the ASHRAE
90.1-2007 standard, and refer to the following specificities (USGBC 2011, GSA
2012):

o Physical elements: building elements such as walls (including openings and
curtain walls), slabs/floors, roofs/ceilings, columns and shading devices need
to be modeled with the designated tools in BIM;

o Spaces/Rooms/Zones: prepare spaces with defined heights and boundary
conditions, and assign spaces to appropriate thermal zones and HVAC zones;
and

o Space boundaries: develop 2nd level space boundaries that account for
adjacent spaces.

In addition to “accuracy”, a BIM model should also be developed to the
sufficient LOD to satisfy energy analysis needs at different project phases, as
shown in Table 6-1. Current workflow of leveraging BIM data to develop the
Building Energy Model (BEM) for energy analysis in the industry is illustrated in
Figure 6-7. A major challenge in this process is the mapping between the BIM data
and BEM input file, which is largely determined by the data schema files. The
industry is using a matrix of both proprietary and open source data schemas to
streamline this process, depending on the energy simulation tools adopted by the
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Figure 6-6. IGBPM Level 2 Process—Energy Analysis components breakdown.

project team. Figure 6-8 provides a summary of IE in BIM-based energy
simulation, which is able to address contemporary industry practices using state-
of-the-art software packages. In summary, the Energy Analysis use case is one of
the more challenging IGBPM Level 2 processes. By adopting a similar method,
other LEED use cases can also be developed.

IGBPM Development - Summary

The model development is still a working process, but the results so far are
sufficient as a proof of concept for a unique process model that addresses BIM
implementation in efforts to meet green criteria such as the LEED rating systems
requirements. The Level 1 and Level 2 process maps are only examples of adapting
PEPG to green BIM project needs through innovation. It is recommended by the
authors that project teams should evaluate the IGBPM as a possibility instead of a
finished product. The value of the IGBPM resides in the fact that it identified
the limitations of PEPG in accommodating the highly diverse and complex
technological and managerial needs experienced in LEED project delivery, and
demonstrated the feasibility and necessity of critical thinking in inventing better
business processes.
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Figure 6-8. Summary of IE in BIM-based energy simulation (adapted from Maile

2007).

CASE STUDIES

The following case study exhibits the holistic approach that Turner Construction
had adopted to cultivate a culture of BIM, Lean and Green in their business
operations. The findings through the interview provided clear evidence that
industry leaders such as Turner had been practicing green BIM proficiently and
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created standardized business processes to plan and manage the life cycle of green
BIM projects.

Organizational Level of Integration

The following paragraphs briefly introduced the corporate vision and business
strategies of The Turner Corporation in BIM and Green/LEED via collaborative
project delivery.

Corporate Vision — Commitment to BIM and Green

The Building Design + Construction (BDC) 2013 Giants 300 Reports ranked The
Turner Corporation as number one in both Top BIM Construction Firms (2012
BIM Revenue more than $5.92 billion) and Top Green Building Construction
Firms (2012 Green Revenue more than $5.32 billion) (BDC 2013).

Business Strategies — Integrated Building Solutions

Turner relies on the Integrated Building Solutions (IBS) as the core of business
strategies to meet client project requirements and deliver better project outcomes.
The keywords of IBS are BIM, Lean and Green. The essentials elements of IBS can
be briefly represented in Figure 6-9:

o IPD: Turner advocates IPD to encourage early collaboration and streamline
use of BIM through a Lean production process. Two major formats of IPD
Turner uses include 1) Traditional Contract tied with Partnering Agreement
with Incentives and 2) Integrated Form of Agreement.

o Lean: Turner counts on Lean process to maximize client value and minimize
waste.

o BIM: Turner adopts BIM at organizational level to ensure performance
design and effective collaboration.

IPD: Team Framework

Lean: Process & Strategy

BIM: Technology & Collaboration Platform

Green/ LEED: Cutcome

Cloud, Social, Mobile: Interface/Enabler

Figure 6-9. Representation of the Integrated Building Solutions (adapted from
Bullain 2012).
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« Cloud, Social and Mobile: Turner innovates the use of new social media and
cloud & mobile computing to enable more robust and reliable design
communication.

o Green/LEED: Turner gains improved productivity and integrated sustain-
ability as project outcomes via synergies of IBS elements.

BIM Execution for Green/LEED: Key Innovations

A quick exploration of Turner’s project portfolio yielded 122 green BIM projects
whereas 87 are LEED-BIM projects. The telephone interviews uncovered some of
the key innovations made by Turner in BIM execution to address unique
requirements of green/LEED projects:

o BIM Execution Plan (BEP): A BEP becomes a standard document in all
green BIM projects, and is typically established early in the Planning and
Design Charrette phase and stays as a living document throughout the project
delivery. PEPG and its templates are often used as baselines but finalized BEPs
are usually customized by project teams. However, only a few BEPs so far
have been established with reference to LEED credit requirements and LEED
points targeted in the projects. But when this happens, BIM uses are mapped
out in BEP with Level 2 processes typically established by LEED consultants,
key specialty contractors and dedicated “Green Team” on the project.

« Content Plan: A Content Plan is developed internally by Turner. It is a map
that guides the development of the 3D model according to specific standards
designed to support the organized input of information so that reliable
information can be extracted. The Content Plan organizes the project
according to the ASTM UniFormat II Classification of Building Elements.
Estimators can use the Content Plan to record project individual building
elements to be quantified from the 3D Model for model based estimating. The
Content Plan is also a tool for Turner to verify the quality of the 3D model for
various purpose including performance modeling, LEED material selection
and tracking. Figure 6-10 presents a snapshot of the Content Plan.

o Model Progression Specification (MPS): A MPS is a tool that Turner uses to
define every element and task in the building construction process. It serves as
a coordination point for information about the building, what is being
modeled, and to what LOD it is being modeled, estimated, and scheduled.
It provides the efficient framework for the project stakeholders - a written
checklist that matures from a very schematic LOD to a high LOD in terms of
3D geometry, cost, and time. The MPS assumes the premise that as the LOD
increases during the design process, the estimated cost and schedule becomes
more accurate. Figure 6-11 presents a snapshot of the MPS.

« iRoom and Virtual Coordination: Multidisciplinary model coordination is
empowered by iRoom (an immersive environment enabled by SMART
Boards and 3D projectors) and use of cloud and mobile computing technol-
ogy. Team members are usually co-located in the iRoom for constructability
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Figure 6-11. MPS—a snapshot (image courtesy: Turner Construction,).

reviews. Model based layout and field verification are communicated with the
office through iPads, smartphones and cloud solutions including SMART
Meeting Pro™ and SMART Bridgit. Paperless trailers are also being advocated
to phase out reliance on conventional 2D documents for jobsite coordination
but transfers to digital document management.

o VOXEL iSTUDIO (Vi): Vi s a toolkit that extends the value of BIM through
design and construction into the facility management (FM) phase. It leverages
information of the as-built BIM (or recorded BIM) and creates dynamic
association between models and projects documents that are essential to the
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Figure 6-12. Voxel iStudio—a snapshot (image courtesy: Turner Construction).

operation and maintenance of the facility. Figure 12 illustrates the working
mechanism of Vi. The Vi LiBRARY imports and links as-built model and
model objects with facility project documents. The Vi Scan creates the
association between model information and installed equipment and pro-
ducts through Quick Response (QR) codes. The Vi Monitor links BMS sensor
points, and creates alarm simulation in model by importing BMS sensor
data via Building Automation and Control Network (BACnet) protocols.
BIM-based FM offers LEED projects unprecedented advantages in perfor-
mance auditing. It ensures the integrity of building performance over the
longer term will meet the design expectations, and also provides insights to
facility owners of the building’s real time operational status.

Project/Process Level Integration

The San Francisco office is currently working on a mega commercial project that is
demanding true integration of BIM, LEED and IPD. The project is currently at the
pre-construction stage. Due to confidentiality agreements, the owner’s informa-
tion and identities of project team members are not disclosed. The following
paragraphs will discuss about the project’s overall approach in planning BIM
execution for streamlining LEED certification oriented design management. One
of the project’s focuses is to achieve LEED material points in compliance with
criteria such as regional materials, recycled contents, rapidly renewable materials
as well as FSC certified wood. A Level 2 process labeled as LEED Material Selection
Workflow (notice this is not a typical BIM use or Level 2 process in PEPG) will be
examined in detail.
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Overall Green BIM Execution Approach

The project used the Design-Build delivery method led by a joint-venture (JV)
team. The owner proactively engaged in the project programming and design
process and formed a “Green Team” to supervise the LEED efforts of the project.
Key trade contractors, major manufacturers and suppliers were involved in the
project kick-off meeting, which was a co-located Design Charrette. A BEP was
developed immediately with target LEED points in mind, using PEPG as the
template. Critical Level 2 Processes were identified and mapped out. Responsible
parties were urged to further develop these sub-processes to make sure the efforts
to achieve the target LEED points were managed throughout the project design,
construction and handover.

Exemplary Green BIM Execution — Level 2 Process: LEED Material Selection

The project team created a robust strategy of authoring, screening, specifying,
verifying and tracking the LEED materials according to the applicable LEED
criteria. Figure 6-13 delineates the overall workflow of the Level 2 Process: LEED
Material Selection and Figure 6-14 is an expansion of Figure 6-13 with elaboration
on the special screening process adopted by the project team as a Quality Control
(QC) measure. As shown Figure 13, major characteristics of this workflow include:

 Broad engagement of project team members at early stage of project design,
and clear roles and responsibilities in the execution process.

o Reiterative process (the Weekly Process Cycle) to address the features of
criteria design and target-value design that are typical in DB projects.
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Figure 6-13. Level 2 Process Map: LEED material selection (adapted according to
interview).
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Use of Content Plan and MPS to maintain the consistency of content
authoring, material specification and tracking. Enforcement of the material review
process and establishment of a customized material database to standardize the
selection process and implement Knowledge Management (KM) for future projects
(notice the material database is constantly updated to accommodate materials not
previously reviewed). Figure 6-14 is the highlight of the case study. The LEED
material screen workflow was innovative because it addressed the impacts of BIM
execution on the overall project progress with clearly identified turn-around time
for each individual task. This is significant because it provides owner and the project
team with a possible means of quantitatively measuring the efficiency of BIM
execution, which has not been well understood yet in the industry.

Case Study Summary

The case study helped verify that green BIM projects have unique characteristics
and project requirements, which urges companies like Turner to initiate innova-
tive business processes to address the specificities and synergies in delivering these
projects. As an industry leader, Turner has been very successful in both green and
BIM, not only because the company’s vision of embracing both industry trends,
but more attributed to its commitment to the integration of BIM, Lean and Green
at the organizational, project and process levels. The case study confirmed that
PEPG as a generic guidance on BIM execution can be further developed via
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creative thinking by project teams when implemented in green BIM projects,
and the innovative strategies uncovered in this case study offered some good
examples. However, due to fact that the project is still on-going, it is difficult to
quantitatively measure the impacts of integrated green BIM execution on the
project outcomes.

CONCLUSIONS

In conclusion, this research recognized green BIM as an emerging trend in the
AEC industry, and identified the lack of a standard business process to address
BIM execution in green, especially LEED projects in particular. Given the
prevalence of PEPG, it does not address the specificity of green building projects.
Thus, the research proposed to develop a unique BIM execution process model to
promote green BIM practices and improve LEED project outcomes. The new
process model, IGBPM, was developed as a special case of PEPG. The major
contributions of this research include:

« It conducted a comprehensive literature review on efforts in process modeling
for green building and BIM projects, as well as the body of knowledge in
understanding the synergies between BIM and green/LEED.

o It proposed a new process model, based upon PEPG and best practices, to
address the unique business process of green BIM projects, and attempted to
preliminarily develop Level 1 and Level 2 process maps of the new model.

o It reviewed and discussed relevant case studies to verify the concept of the new
process model, and examined the real needs and state-of-art solutions to the
emerging business opportunities in BIM, Lean and Green.

Nevertheless, the research is limited in several aspects. The first and biggest
limitation is the lack of industry participation in developing the proposed IGBPM.
Secondly, most Level 2 process maps have not been completely developed yet, and
the IE incidences for each Level 2 process need to be specified. Thirdly, the
proposed IGBPM did not address the use of open standards such as IFC, which
could have been a major contribution to the body of knowledge. Last but not least,
the proposed IGBPM needs further validation with quantitative project informa-
tion and metrics that clearly prove the impacts of the integrated green BIM
execution on LEED project outcomes. Future research will focus on industry
outreaching through focused panel reviews for continuing model development,
and further exploration of validation strategies.
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CHAPTER 7

Variations of BIM Deployment
within Integrated
Construction Project
Management Information
Systems (PMIS)

Youngsoo Jung*

Abstract: Advances in information and communication technology (ICT) have
rigorously improved productivity in all industry sectors, and the role of information
systems has changed further to support organizational strategies. Thus, utilizing
information systems (IS) in the construction industry has been an issue of great
concern in order to achieve competitive advantages of an organization and also to
enhance the effectiveness of construction projects throughout their life cycle and
across different construction business functions.

Nevertheless, despite recent outstanding advancement in building information
modeling (BIM) technology, practical BIM implementation has not been widely
proven to be economically feasible. It is noteworthy that economic feasibility can
encompass quantified intangible benefits from BIM. Therefore, an assessment of
BIM deployment from a holistic perspective is required in order to appraise the
strategic and managerial advantages in a project or in an organization.

Several studies have asserted strategic benefits of BIM adoption focusing on
specific application areas (e.g. scheduling or estimating) or addressing limited
technologies (e.g. visualization or ontology). However, real-world implementation
of information systems truly comprehends complex issues such as corporate strategy,
management effectiveness, internal policy and culture, and also technical capability
together at the same time. In order to explore these complex issues for effective
BIM implementation; this study examines five different real-world cases of BIM
implementations.
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The five case studies from United States, Japan, and South Korea will be
analyzed within two major BIM frameworks developed by the author. Project
delivery methods, construction business functions, types of integration methods, and
level of automation for BIM usage are the most important variables for comparing
and analyzing the five cases in terms of BIM benefits. This study describes the
different approaches and different benefits that BIM has to offer for practical
applications.

INTRODUCTION

Advances in information and communication technology (ICT) have rigorously
improved productivity in all industry sectors, and the role of information systems
has changed further to support organizational strategies. Thus, utilizing informa-
tion systems (IS) in the construction industry has been an issue of great concern in
order to achieve competitive advantages of an organization over competitors and
also in order to enhance the effectiveness of construction projects throughout their
life cycle and across different construction business functions (Jung and Gibson
1999; Jung and Joo 2011).

Nevertheless, despite recent outstanding advancement in building informa-
tion modeling (BIM) technology, practical BIM implementation has not been
widely proven to be economically feasible (Jung and Joo 2011). It is noteworthy
that economic feasibility can encompass quantified intangible benefits from BIM.
Therefore, an assessment of BIM deployment from a holistic perspective is
required in order to appraise the strategic and managerial advantages in a project
or in an organization.

Several studies have asserted strategic benefits of BIM adoption focusing
on specific application areas (e.g. design, scheduling, or estimating) or addres-
sing limited technologies (e.g. visualization or ontology). However, real-world
implementation of information systems truly comprehends complex issues
such as corporate strategy, management effectiveness, internal policy and
culture, and also technical capability together at the same time. In order to
explore these complex issues for effective BIM implementation, this study will
examine five different real-world cases of BIM implementations. The author
visited and benchmarked three cases on the job sites in the US and Japan, and
the author has also conducted two cases in Korea as one of principal
investigators.

These five case studies from the United States, Japan, and Korea will be
analyzed within a comprehensive framework for practical BIM implementation.
Project delivery methods, contract type, engineering-procurement-construction
(EPC) relationship, types of integration methods, and level of automation for BIM
usage will be the most important variables for comparing and analyzing the five
cases in terms of BIM benefits. This study will describe the different approaches
and different benefits that BIM has to offer for practical applications. It will also
provide implications for future direction of BIM implementation. The author
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served as a BIM manager for a large construction company, and this study will
balance the academic and industry aspects based on his experience in order to
make it an ‘action research’.

PROJECT MANAGEMENT INFORMATION SYSTEMS (PMIS) & BIM

As a fully integrated methodology encompassing planning, design, procurement,
construction, and operation phases, the concept of computer integrated construc-
tion (CIC) has exerted better utilization of information technology (IT) in
construction projects. Another prevalent concept of building information model-
ling (BIM) has also widely disseminated the utilization of multi-dimensional CAD
(nD-CAD) information. Relevant concepts including business process reengineer-
ing (BPR) or process innovation (PI), enterprise resource planning (ERP),
commerce at light speed (CALS), and data acquisition technology (DAT) have
provided tools for boosting information systems (IS) deployment in the construc-
tion industry as well. Many different concepts and methodologies are effectively
and selectively used in order to meet specific IS requirements of a construction
organization.

However, even though all different enabling concepts and technologies are
readily available, lack of common understanding may cause confusion in
implementing IS policy, strategic IS planning, or IS development. For example,
the scope, method, even definitions of BIM may be very different based on each
organization’s own objectives in BIM implementation. Furthermore, overall and
practical effectiveness of BIM utilization is difficult to justify at this stage.
Nonetheless, all different technologies and methodologies previously stated can
be understood as a part of comprehensive information systems (IS) in a global
sense, of which concept is very broad and subjective. Again, misunderstanding
of these acronyms may result in confusion or mismanagement of costly
computing resources as well as more valuable ones, such as human resources
in every-day practice. For these reasons, formulating a comprehensive IS
framework would effectively facilitate the strategic utilization of IS in the
construction industry.

In defining a comprehensive IS in construction, the most well-known
acronym is project management information systems (PMIS). Though it has a
somewhat intrinsically different meaning than general IS or management infor-
mation systems (MIS), the terminology of PMIS can be best used to illustrate roles
of BIM within a broad set of IT in construction. Another focal point in this study is
the weight of BIM applications among entire PMIS components. It premises that
BIM is a component of PMIS regardless of whether BIM is physically embedded
in or not.

Besides the comprehensive concept of PMIS, two most often used acronyms
in construction IT are CIC and BIM. Several active CIC efforts in the 1990’s have
generally tried to incorporate entire graphic data (e.g. CAD) and non-graphic data
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(e.g. schedule) within an organization or a project. Those CIC cases were
successful in terms of technical capability and the holistic approach; however,
practical effectiveness was not fully proven to be economically feasible (Jung and
Gibson 1998b; Miyatake and Kangari 1993). Lessons learned from early CIC
implementations (Jung and Gibson 1999) indicate that it is difficult to achieve
maximum effectiveness with full-range multi-dimensional (nD) integration. On
the contrary, BIM proliferation has represented a reverse approach towards
achieving this integration in the construction industry. It is recognized that BIM
has started to fully utilize 3D graphic data first, and then expands the usage into an
nD environment (Taylor and Bernstein 2009: Jung and Joo 2011). Though
utilizing 3D CAD systems solely for design practice is becoming highly beneficial,
the advent of BIM concepts in recent years actively explores better utilization of
3D models.

Relative Importance of BIM within PMIS

Understanding the ‘importance of design systems’ among other PMIS com-
ponents (or sub-functions) would facilitate exploration of BIM or CIC varia-
tions within a PMIS. In an effort to measure the degree of “informatization” at
the industry level, Jung et al. (2004) proposes an informatization assessment
methodology for the construction industry. In their study, one of the dimen-
sions for assessment measures was the “IS phase” including “awareness,
development and exploitation.” Namely, It was assumed that an organization
would “start with awareness of IS needs and then develop the systems. In the
final stage, the developed systems are exploited to gain maximum advantages”
(Jung et al. 2004). Table 7-1 summarizes survey results from the top 100 general
contractors in Korea for intra- and inter-organizational use of IS by different
construction business functions. Findings indicate that ‘financing and account-
ing’ utilizes intra-organizational IS most in terms of ‘awareness’ and ‘exploita-
tion,” while ‘scheduling’ ranked the highest in terms of the discrepancy between
the need and actual effective use (Jung et al. 2004).

In Table 7-1, IS for ‘design’ has a relatively low ‘awareness’ score (69.73
where 100 is the highest); however at the same time, it has a relatively high
‘discrepancy’ score indicating that the IS for this ‘design’ function is recognized
as important while it is not adequately utilized yet. This fact well represents the
characteristics of general contractors’ business scope. One of the reasons for
their increasing interests in design systems is the fact that more projects are
under design-build contracts where engineering capabilities are crucial. It is
noteworthy that BIM is not a mere ‘design system’ by its definitions. However,
from the overall PMIS perspective, BIM should utilize the design system
(3D-CAD) anyhow in order to function as it is intended. In this example in
Table 7-1, from the general contractors’ perspective, IS for design system is
quite important, while its importance compared to cost and schedule functions
is relatively low. It would be quite true when considering the frequency of BIM
tasks among whole daily business transactions on a job site.
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Relative Weighting of BIM within PMIS

As an independent viewpoint from ‘importance’, it is also meaningful to examine
the portion ‘weighting of design systems’” within a PMIS. Although the measure-
ments were different, another survey of top 10 Korean architecture and construc-
tion management firms by Jung et al. (2011) revealed that the weighting of ‘design’
systems is 13.9% among their entire information systems in terms of size, which is
the second largest portion following ‘human resource management’ system
(14.6%) in Table 7-2. It is expected that architects and engineering (A/E) firms
are naturally focusing on CAD systems for their primary business function. IS for
‘design function’ including CAD systems as such contribute differently depending
on a company’s value chains.

Another implication from this study (Jung et al. 2011) shows that ‘design
systems’ for A/E firms largely utilize commercial software packages (e.g. CAD and
CPM) as shown under the column titled ‘specialty’ in Table 7-2. This configura-
tion requires many different proprietary interfaces in order to connect those
CAD data with other applications including estimating, cost, and schedule within
their organizations. In summary, in this example in Table 7-2, ‘design systems’ are
important and also have relatively higher weightings. However, the integration
between BIM and other PMIS components is not strong enough in terms of
everyday practice.

Variation of BIM Deployment within PMIS

Relative ‘importance’ and ‘weighting’ of design system (including BIM) were
discussed in the previous sections in order to evaluate the role of BIM under
different PMIS configurations. Again, each project or each company has its own
project management requirements for PMIS and BIM.

Therefore, there is no single measure for successful BIM. However, it is
necessary to assess the benefits of BIM in terms of strategic fit and managerial
requirements for the sake of shared understanding.

Measuring intangible benefits from any type of information systems (IS) is very
difficult and subjective. In their study developing an IS planning methodology, Jung
and Gibson (1999) proposed five different measures including “corporate strategy,
management, computer systems, IT, and incremental investment” in order to
quantify these intangible benefits for a construction organization. These five
measures were evaluated over “fourteen different construction business functions
throughout entire project life cycle” (Jung and Gibson 1999). In addition to the
four measures, Jung and Joo (2011) proposed practical measures including
‘data property’, ‘data relation’, ‘standards’, ‘implementation’, ‘maturity’, and
‘morphology’ for BIM.

In order to analyze the variation of BIM deployment in different construction
companies under different business requirements, the ‘project life cycle’ and
‘construction business function’ would be good variables. For example, the
company of Case II in Figure 7-1 was using BIM extensively throughout the
project life cycle under EPC contracts. The depth of each box represents relative
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Figure 7-1. Different cases of BIM deployment.

weightings how actively BIM was used with other business functions (e.g.
estimating, cost, and schedule). Case III in Figure 7-1 shows very opposite BIM
characteristics to Case II in terms of project life cycle and business function.
Nevertheless, influencing variables for BIM applications would be far more
complicated. Therefore, all different possible variables should be identified first.
Details of five cases will be illustrated by using the BIM variables categorized
in this study.

INTEGRATED FRAMEWORK FOR IS IN CONSTRUCTION

In order to interpret different BIM deployment within PMIS, a comprehensive
framework of information systems (IS) in construction is summarized in this
study by combining two major frameworks by Jung and Gibson (1999) and Jung
and Joo (2011) as described in Table 7-3. In addition to these two frameworks,
‘business environment’ and ‘transaction depth (Lee et al. 2001)’ are included for
discussing practical issues. Finally, this higher level IS framework for the con-
struction industry has nine major categories: environment, perspective, life cycle,
business function, implementation, transaction depth, standards, data property,
and data relation. It is compared with the CIC framework from a corporate level
(Jung and Gibson 1999) and also with the BIM framework (Jung and Joo 2011)
from an industry level to see the different perspectives.

Environment (E)

In a study reviewing 331 management information systems (MIS) doctoral
dissertations, Ives et al. (1980) proposed a comprehensive framework that



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

VARIATIONS OF BIM DEPLOYMENT 175

Table 7-3. Comparison of IS variables in construction

Category IS in Construction CIC Framework BIM Framework
Reference This Study Jung & Gibson 1999  Jung & Joo 2011
Perspective All inclusive Corporate Industry

E: Environment
EO1 Globalization
EO02 Economy
EO3 Project
delivery
methods
E04 Technology

P: Perspective
PO1 Industry
P02 Organization
PO3 Project
P04 Facility

L: Life cycle
LO1 Planning
LO2 Design
LO3 Procurement
L04 Construction
LO5 Maintenance

& Operation

LO6 Disposal

F: Biz function®
FO1 Planning
FO2 Sales
FO3 Design
FO4 Estimating
FO5 Scheduling
FO6 Materials

mgmt.

FO7 Contracting
FO8 Cost control

FO9 Quality mgmt.

F10 Safety mgmt.

F11 HR mgmt.

F12 Finance/
Accounting

F13 General
Admin.

F14 R&D

*Information
technology

LO1 Planning
LO2 Design

LO3 Procurement
L04 Construction
LO5 M & O

LO6 Disposal

FO1 Planning

FO2 Sales

FO3 Design

FO4 Estimating

FO5 Scheduling

FO6 Materials
mgmt.

FO7 Contracting

FO8 Cost control

FO9 Quality mgmt.

F10 Safety mgmt.

F11 HR mgmt.

F12 Finance/
Accounting

F13 General Admin.

F14 R&D

PO1 Industry
P02 Organization
P03 Project

FO1 Planning

FO2 Sales

FO3 Design

FO4 Estimating

FO5 Scheduling

FO6 Materials
mgmt.

FO7 Contracting

FO8 Cost control

FO9 Quality
mgmt.

F10 Safety mgmt.

F11 HR mgmt.

F12 Finance/
Accounting

F13 General
Admin.

F14 R&D

(Continued)
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Table 7-3. Comparison of IS variables in construction (Continued)

Category IS in Construction CIC Framework BIM Framework
Reference This Study Jung & Gibson 1999  Jung & Joo 2011
Perspective All inclusive Corporate Industry

M: Implementation
MO1 Strategy MO1 Strategy
MO02 *Management
Management/
Policy
MO03 Procedure
MO04 Manual
T: Transaction depth
TO1 Planning
TO2 Review
TO3 Operation
T04 Inspection
TO5 Settlement
S: Standards
S01 Product
S02 Process
S03 Classifications
D: Data property
D01 Parametric
D02 Level
D03 Facet
R: Data relation
RO1 Composition
R0O2 Ontology
*Maturity

*Computer systems

*Morphology

MO1 Strategy
MO02 Policy

MO03 Procedure
M04 Manual

S01 Product
S02 Process

D01 Parametric
D02 Level
D03 Facet

RO1 Composition
R0O2 Ontology

*SC Integration**
*Analysis™
*Coordination™
*Visualization™

*Distributed
*Concentrated

*Bizfunctions defined by Jung & Gibson (1999)
**BIM Paradigm trajectory defined by Taylor & Bernstein (2009)

embraces external and internal environmental variables such as social, political,
cultural considerations, organizational goals, management philosophy, etc. The
environmental issue in the construction industry is a prime driver for construction

IS due to the distinct built-to-order characteristic.
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Among many factors, globalized (E01 in Table 7-3) competition under
the ever-changing economy (E02) needs to be considered in the IS. As for the
construction-specific variables, rapidly changing project delivery methods (E03)
and information technologies (E04) are of great importance. With rapidly
increasing number of projects under alternative project delivery methods, con-
struction organizations should be capable of executing engineering-procurement-
construction (EPC) projects. The integrated project delivery (IPD) concept is the
best example of this requirement of changing project delivery methods.

Perspective (P)

Betts (1995) developed a five-level framework for strategic information systems
(SIS) in construction in a study analyzing how the IT planning framework by Earl
(1989) can be applied to the construction industry. The five levels include “the
national construction industry, professional institution, construction enterprise,
construction project, and construction product.” Viewing an IS strategy on a
national level is remarkable, and this particular approach was conceivable due to
the distinct policy seen in Singapore, UK, Japan, South Korea, and Malaysia.
Perspective (P) represents the level of IS implementation. Four perspectives in
this framework include industry level (P01), organizational level (P02), project level
(P03), and facility level (P04). These four different levels of perspective (P) need to
be considered in a mixed manner for a specific IS implementation. For example,
a company (P02) may have its own BIM tools in-house while participating in a
project (P03) with industry level (P01) standards, where many different companies
work together as a team sharing common BIM data. Namely, a BIM practice of a
company may need to incorporate project and industry perspective as well.

Life Cycle (L)

Any specific phase of the project life cycle characterizes information system needs.
For instance, construction cost estimates can be performed in different phases of the
life cycle. These involve design estimates, bid estimates, or control estimates
(Hendrickson and Au 1989). According to Project Management Institute, a project
is“. .. anyundertaking with a defined starting point and defined objectives by which
completion is identified.” Therefore, a project life cycle contains four sequential
phases: concept, development, execution, and termination. Each phase completes
deliverables that are tangible and verifiable work products (PMBOK 1996).

For this study, the project life-cycle used in this framework is categorized into
six phases: planning (L01), design (L02), procurement (L03), construction (L04),
maintenance & operation (M&O) (L05), and disposal (L06). The planning phase
includes all of the activities from project formulation through project scope
definition.

Business Function (F)

Functional complexity exists throughout all the fragmented organizations and
throughout all different phases of the life cycle. To an extent, the project life cycle
itself seems to represent the required business functions for each phase. However,
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a business function can be executed many times over different phases. Thus,
functional representation is independent of the project life cycle. Business func-
tions (F) represent the distinct IS requirements of the construction industry and
clarify the roles shared by organizations under different project delivery methods
over entire project life cycles (L).

Even though classifications of business functions may differ depending on
different research purposes, this study employs 14 construction business functions
defined by Jung and Gibson (1999). These functions include “planning (FO1), sales
(F02), design (F03), estimating (F04), scheduling (F05), materials management
(F06), contracting (F07), cost control (F08), quality management (F09), safety
management (F10), human resource management (F11), finance/accounting
(F12), general administration (F13), and research and development (F14).”

Implementation (M)

Information systems mean much more than merely supporting tools for business
functions in today’s literature and practice. Information systems have become a
competitive resource in this era of information. Therefore, the IS implementation
(M) concerns are truly broad, and the IS concern variable in the proposed
framework should cover a variety of issues.

The implementation variable strongly stresses the impact of managerial issues
for successful IT utilization. As previously discussed, strategy (MO1) and policy
(MO02) direct all activities within an organization, and hence characterize distinct
requirements of information systems. Procedures (M03) can be tools for system-
izing construction business functions (e.g. value chain). Details or decisions
should be made before a user types in the lowest level data entry for on-site
practice. Well organized manuals (M04) reflecting distinct characteristics of an
organization or a project (Jung and Kang 2007) can facilitate smooth or automated
operations (Jung and Joo 2011).

Transaction Depth (T)

Combining the three variables of perspective (P), life cycle (L), and construction
business function (F) can effectively depict the roles and responsibilities of transac-
tions in the construction business. However, transactions may have several different
procedural activities (Jung and Woo 2004). Namely, for a specific construction
management or engineering task, planning (T01), review (T02), operation (T03),
inspection (T04), and settlement (T05) activities may be required (Lee et al. 2001).

These different activities are often executed by different organizations in a
project. This variable is a good tool for evaluating and calculating workload and
relationship among many different participants regardless of whether they are
individuals or organizations.

Standards (S)

Standards (S) variables include the product (S01), process (S02), and classifica-
tions (S03). Sanvido and Medeiros (1990) also pointed out the “common
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» «

classification and coding systems,” “common CAD databases,” and “computer-
aided process planning” as the selected tools to support CIC.

Vigorous efforts in the area of BIM standards have been developed from an
industry (PO1) perspective (e.g. IFC, IFD, IDM, IDEF, STEP and so on). ISO
(1994), Uniclass (1997) and MasterFormat (CSI 2004) are the globalized efforts for
standard classifications in the construction industry. Standards (S0) variables in
this study basically stress the intensity and realm of utilizing standards, namely,
the perspective (P) of standards (S) (Jung and Joo 2011). Organizational (P02)
or project level (P03) standards are also of great importance for practical
implementation.

Data Property (D)

Property (DO0) variables represent the characteristics of BIM or CIC objects or
data. The most often discussed issue in this variable is the parametric (D01)
property of construction information, namely geometric (graphic, D01.1) or non-
geometric (non-graphic, D01.2) properties. The level (D02) of any geometric or
non-geometric data can be classified as raw data (D02.3), information (D02.2), or
knowledge (D02.1) in an incremental order in terms of property intelligence and
accumulation. The variable of facets (D03) for construction information is well
defined by standard classifications such as ISO (1994), Uniclass (1997) and
MasterFormat (CSI 2004). For the purpose of simplified and effective CIC and
BIM applications in construction, this study adopts the definitions of locator
(D03.2) and commodity (D03.1) by Jung and Kang (2007) as the constituents of
the facet variable (Jung and Joo 2011).

Data Relation (R)

Relation (R) is defined as a physical or logical interdependency between properties
(DO). This relation contains a repository for structures and semantics of properties
(Jung and Joo 2011). The first variable in the relation (R) category is the
composition (R01), which composes or decomposes the properties (P0). Ontology
(R02) in this study focuses on logical interdependency between object properties
(D). Objects (R02.3) can have physical or logical hierarchies (R02.2) with
reasoning (R02.1) interpretations.

Other Variables

Maturity issues are well addressed in the qualitative and quantitative study
examining BIM practice paradigms (Taylor and Bernstein 2009). Their trajectory
of BIM advancement steps include “visualization, coordination, analysis, and
supply chain integration”. These paradigms were adopted in Jung and Joo’s (2011)
BIM framework, as the four phases appropriately illustrated practical maturity of
BIM utilization.

The “computer systems” measure used in Jung and Gibson’s (1999) CIC
framework was used to evaluate “integration effectiveness” among 14 construction
business functions within an organization as described in Table 7-3. In other
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words, it was used to evaluate how a specific construction business function could
contribute to other business functions within an IS. Thus, this variable has similar
meaning with the “coordination” phase within Taylor and Bernstein’s (2009)
paradigm trajectory.

Another variable is the morphology which represents the types of physical
and logical manipulation of BIM elements or databases (Jung and Joo 2011). The
extended concept of this BIM morphology (U02) was discussed by Tobin (2008)
where he tested the effectiveness of a “slice of BIM data” for “atomic BIM.”

FIVE CASES OF BIM WITHIN PMIS

BIM or CIC efforts can be generally categorized into two ways; one is a passive and
the other is an active use of 3D models. Passive use of 3D models denotes that 3D
models are simply used for further engineering analyses as input information or as
visualization. In addition to the passive use, researchers have explored more active
utilization of 3D models. A good example in the area of automated design is the
“geometric reasoner” by Chinowsky and Reinschmidt (1995) where “qualitative
spatial reasoning” was developed in order to embed the design knowledge into
the graphic objects. For real-world BIM or CIC implementations, use of 3D
models facilitates many different engineering analyses including structural or
energy simulations. Furthermore, 3D models should be actively used for con-
struction activities and facility management processes as well. In this context,
five cases are introduced to illustrate how differently BIM/CIC was utilized by
differently interacting with other PMIS components. The IS framework in Table 7-3
will be used to clearly indicate the comparative characteristics. Tables 7-4 and 7-5
offer side by side comparisons of the five projects implementing BIM.

Case I: Civil Infrastructure

The highway running through downtown Boston, known as the Boston Artery,
carried more cars than any other highway in the United States. In order to resolve
the problems caused by the congested highway, a ‘big dig” was undertaken in 1991
and completed in December 2007. This project was initially scheduled for about
ten years, and their early estimated cost was about 10 billion dollars. This complex
megaproject included expressways (surface, elevated, underground), rebuilding
five major interchanges, a cable-stayed bridge, and a tunnel. The project spans 160
lane miles. Keeping businesses open, maintaining traffic capacity and environ-
mental concerns during the construction made this complex project more difficult
to manage (MTA 1997; MTA 1998).

The project delivery method (E03) for the Boston Artery/Tunnel Project was
multi-prime contracts with a CM for fee (CM-agent). A CM consortium of two
large engineering and construction companies provided management consulting
services for design and construction. About 25 designers or engineers and 100
different contractors had direct contracts with the owner. Therefore, the CM, as an
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agent of the owner, had to coordinate and manage all the organizations from an
extremely large project (P03) perspective.

Various information systems were effectively utilized in this project. For
example, scheduling (F05) and cost control (FO8) were integrated by utilization of
the cost loaded critical path method (CLCPM). Standards for drawings (F03; SO1)
were set by the CM in order to easily share graphical data between relevant
organizations. The utilization of advanced 3D systems was also notable. Three-
dimensional graphical simulation was actively used for decision making in design,
constructability review, construction scheduling, and training. Another important
fact is the level of detail for the CM’s management task (T01; T02), which is a very
high level (with less details). This fact made it possible for the CM to develop large
objects in BIM applications for easier integration with cost and schedule. Draw-
ings were developed in 2D format by the engineering firms, and then the CM
converted those drawings into high-level 3D CAD representations.

The integration of cost and schedule in this case study enhanced business
performance by addressing indirect vertical integration under the fragmented
contractual relationships (Jung and Gibson 1998b). However, this integration is
more focused in terms of management (M02) than in terms of corporate strategy
(MO1). Data sharing between core computer systems was fairly well achieved by
using CLCPM. Information technology (E04) utilized in this project was not the
most advanced when compared with those used in the other case studies. They
effectively utilized off-the-shelf products under temporary characteristics of a
project. Nevertheless, proper selection of commercial software for the right
applications on this project was very successful in oversight management of
more than 130 organizations.

Case IlI: Industrial Plant

The most frequently benchmarked case of construction PMIS has been the
integrated company-wide system (P02) for mainly industrial construction projects
of a US. construction company. Their multi-dimensional CAD (nD-CAD)
systems integrating EPC information (L02; L03; L04) in the early 1990’s had
achieved the first-mover strategic advantages in the global (E01) construction
market (Jung and Gibson 1998b). The delivery method (E03) for these projects is
usually design-build that encompasses engineering, procurement, and construc-
tion. Moreover, in-house engineers of the company perform all levels of transac-
tion depth (T01~T05) for engineering and construction functions throughout the
project life cycle.

This vertically integrated organizational structure, coupled with the capability
of utilizing advanced IT, provided this company with a critical basis for imple-
menting CIC. Data created at the beginning stage of the project smoothly flows
through information systems. For example, 3D CAD (F03), quantity take-off
(F04), construction planning (F01), scheduling (F05), materials management
(F06), procurement (F07), and other information are processed in an integrated
manner. Data sharing between such complex systems is carried out by way of an
information exchange layer. Level of detail for this case is detailed enough to
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handle estimating and materials management, and 3D CAD systems are directly
integrated into all relevant business functions.

The integrated information systems of this case study company have been
developed over a long period of time and through continuous efforts. Not only
the technology development but also business process re-engineering (MO02,
MO03) were incorporated into the systems. Utilizing these systems, in part, has
enabled the company to gain strategic advantages (MO1) in domestic and
international markets. It is also interesting that the company forms a thorough
matrix organization that helps maximize the benefit of specialized firms. This
matrix organization is also suitable for globalization. It is obvious that informa-
tion systems play an important role in maintaining a complex matrix
organization.

Case llI: Office Building

A Japanese CIC project exploited a full-scale, on-site automation (E04) combining
information systems and robotics all through design and construction. Although
this effort had been implemented to test further development, three components
including integrated design and construction planning system, construction site
automation system, and factory automation system were combined through a
shared common integrated project database. CIC implementation in Japan was
concerned with the changing market environment (E02) including shortage of
skilled labour and demand for improved quality. This motivation leads large
Japanese construction companies to the development of automated technology
(Miyatake and Kangari 1993).

The pilot building project featured 31 stories above ground and 74,927 square
meters of total floor area. The project utilized an automated construction system.
The traditional sequence of design-bid-build was the project delivery method
(E03) for this case. The automated construction system consists of six major
components. These components include a lift up system composed of jacking
towers, an automated conveying system, an automated steel assembling system
with specially designed steel connections, an automated welding system for
structural steel members, an automated transportation and installation system
for other prefabricated materials and equipment, and an information control
system that manages the central database (Maeda 1994).

Miyatake and Kangari (1993) proposed a CIC model based on this automated
construction system. Their CIC model consists of: 1) the integrated design/
construction planning system, 2) the CIC central database, 3) the site automation
system, and 4) the factory automation system. Their research concludes that the
major benefit of automated systems, at present, is the improvement of the
company’s competitive advantage, rather than cost effectiveness in operations
that would occur in the near future (Miyatake and Kangari 1993).

The case study company has applied the automated construction systems for
two different commercial building projects since 1990. Emphasis on automation
and strategic implementation (M01) for a specialized product make this project
distinct. Even though it was a pilot project (P03), level of details in integrating



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

186 BUILDING INFORMATION MODELING

3D-CAD with other business functions are precise enough (T01~T05) to auto-
matically handle specific steel members to an exact location. This case showed a
future direction how BIM or CIC can achieve fully automated utilization in an
integrated way.

Case IV: High-rise Apartment Complex

The fourth case had developed fully-integrated CIC systems using two real-world
projects (Jung and Gibson 1998a; Cho 2000) encompassing a full spectrum of
construction business functions (FO1~F16). CIC systems developed by this project
were tested in a high-rise apartment complex building and a grand suspension
bridge. It is noteworthy that this Korean government-funded research project fully
utilized state-of-the-art technologies coupled with newly researched management
methodologies.

A fully integrated system of the fourth case tried to encompass 3D-CAD
systems (F03) integrated with many different construction business functions
including estimating (F04), scheduling (F05), cost control (F08), materials man-
agement (F06), and others. A commercial simulation packages were partially used
in order to tightly combine the graphic (D01.1) and non-graphic (D01.2) data.
Initially, the system was developed to encompass almost all business function of
the case-company. However, after implementing a pilot project, it was found that
managing PMIS data to fit the BIM objects on a certain level requires tremendous
overhead efforts. Finally, it was decided to focus on the most promising areas
including design, estimating, scheduling, and cost control.

Basically, the fourth case focused on BIM integrated PMIS for general
contractors (GCs, P03). Therefore, more often than not, the 3D-CAD objects
were generated based on 2D-CAD representations provided by designers for
design-bid-build (DBB) delivery systems (E03). It was a less active use of 3D data
comparing to Case II in terms of transaction depth (T), but it is also natural from a
GC’s perspective as they were outsourcing more, with less direct intra-organiza-
tional vertical integration. Even today, as of 2013, the owner’s requirements for
planning tasks or as-built purposes are the important motivation for GCs to utilize
BIM applications. Other active BIM utilizations by major GC’s are seen in
extremely complex facilities or atypically designed buildings. Again, the integra-
tion of BIM with practical estimating, cost control, or other management
functions on everyday work job sites are still limited in the real-world projects
(Talyor and Bernstein 2009; Jung and Joo 2011).

Case V: Industrialized Housing

A comprehensive research effort in order to develop and disseminate modernized
Korean traditional housing (Hanok) has recently been initiated by the Korean
government. This large scale research project encompasses a wide spectrum of
housing development including public policy, architectural plans, modules,
construction materials and methods, prefabricated assemblies, automated pro-
duction, construction management, and advanced information systems. For the
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purpose of integrating and automating the whole process from an industry
perspective (PO1), it is of great importance to develop a standard classification
system and project numbering system (PNS) for modernized Korean housing
(Jung et al. 2012).

Case V has distinct characteristics in terms of PMIS. First, standard plans
(F03), schedules (F05), and cost items (F08) developed will be used by many small
business firms, unspecified individuals, or even do-it-yourself home owners.
Therefore, those standard deliverables must be developed for easy use. Secondly,
in order to organize a historical database, the whole system needs to be equipped
with strict standard numbering systems for product (S01), process (S02), and
classifications (S03). Thirdly, for the purpose of industrialized dissemination with
low cost, advanced technologies including automated production, pre-modeled
3D-CAD objects, and pre-formatted construction documents should be useful
separately as well as in an integrated way. These complex requirements make this
project utilize the concept of interoperability, which is actively discussed in recent
BIM research. In other words, the unspecified users do not need to know any
construction IS, BIM, or standards. They will only use provided templates of
estimate, cost reports, schedule, and 3D-objects. However, whenever those simple
data (mostly in forms of spread sheet) return to a computer, all different properties
will automatically connect to each other in order to summarize, analyze, and
update the common standards.

As a solution to those BIM requirements, this case developed a geometry
numbering system (GBS) pre-embedded in graphic objects as well as in cost sheets
and schedules along with WBS and CBS. Unlike using WBS or CBS, it would
significantly facilitate the manipulation of a large number of graphic objects in a
systematic and automated way. Namely, considerations and requirements of
formulating a PNS of a single type of facility (industrialized traditional housing)
for multi-functional integration (e.g. object, cost, schedule and others) by un-
specified architects, cost engineers, schedulers, and others are developed (Jung
et al. 2013, US patent pending). This case looks similar to many other BIM
practices, but it is more concentrated in automated linkage with cost estimating
(F04), scheduling (F05), and cost control (F08) from an industry level (P01) for
unspecified and BIM illiterate users.

COMPARISON OF FIVE CASES & IMPLICATIONS

This study was started with some practical questions. If there are 100 persons
including architects, engineers, and construction managers within one specific
construction project, how many of them use BIM tools for daily tasks? How often
do they use data supported by BIM for cost and schedule control? More specific
question is how many work items of an estimate can be automatically generated
from BIM? BIM experts know exact answers and the reality. Even though
everyone agrees that BIM is the future direction and the technology is out there,
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BIM itself has been promoted with a lot of hype today. In order to utilize the BIM
in a practical manner, it is important to understand how different techniques and
methods were used in successful BIM cases. To answer these questions, this study
introduced five different cases. Outlines of five cases are summarized in Table 7-4
with comparisons based on IS variables, those are listed in Table 7-5 and
illustrated in Figure 7-1. Again, there is no single best way in utilizing BIM.
Each of five cases in this study achieved its own benefits from BIM under different
business environment.

Among many different variables listed in Table 7-3, the seven most influ-
encing variables are discussed in following sections in order to compare different
implementations for those variables.

Project Delivery Method (E03)

As the first variable of ‘project delivery method (E03)’, Case II under EPC
contracts has the ideal environment for BIM because most of the data were
generated and used within an organization. Unlike the other EPC firms, the
company of Case II had strong vertical integration (with less outsourcing) for
basic design, detail design, procurement, and construction works. The concept of
integrated project delivery (IPD) tries to achieve this vertical integration in an
indirect method, namely by contractual and partnering means. However, strong
and direct integration inside an organization would be the best situation. Case I is
an excellent example of how a CM firm manipulated this indirect integration by
using common numbering systems (S03) within a project which was comprised of
more than 130 different companies. BIM data in Case I did not have high level of
details, but it was effective enough considering the attained benefits from actually
spent man-hours. Case V is an extreme one in this sense, because the BIM
developer cannot know who would use those BIM templates. Nevertheless, the
BIM requirements for this specific type of housing plan were very definite and
clear for the unspecified final users. Case V is totally different from the general
standards making efforts such as Industry Foundation Classes (IFC).

Technology (E04)

When it comes to ‘technology (E04)’ variable, recent advances in commercially
available BIM software packages greatly facilitate practical implementation.
However, as seen in Cases II, III, and IV, in order to achieve gigantic integration
of graphic and non-graphic information within PMIS, a lot of proprietary systems
should be developed in-house. It can be economically feasible only if the company
uses these proprietary systems repeatedly for many projects as shown in Case II.
On the contrary, Case I effectively utilized the off-the-shelf applications for
fragmented organizations. It is common that CM firms do not need to develop
a thoroughly integrated system as each CM project may have totally different
managerial requirements. This fact proves that the ‘demand pull’ is more
important than ‘technology push’ in BIM. An interesting point is the Case III
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of a Japanese company that attempted full integration of robotics for automated
construction. This case gives an implication for future BIM implementation.

Perspective (P) & Project Life Cycle (L)

The ‘perspective (P)’ variable is closely related with project delivery methods
(E03). However, as more owners are getting interested in BIM applications for
their own interests, a construction company (P02) or a project (P03) should have
the industry level (PO1) perspective. From the owners’ perspective, engineers or
contractors may vary over their many construction projects. Therefore, more
owners require engineering firms and contractors to use industry standards to
keep the owners’ data inter-operable. It was found that the “project life cycle (L)
variable is also related to project delivery methods (E03). Nevertheless, it is
interesting that the BIM ‘usage with other business functions (F)’ and the ‘degree
of transaction depth (T)’ can vary throughout the project life cycle. For example,
Case III is a design-bid-build project. However, the contractor used BIM data for
factory automation to prefabricate building components. In Case II (EPC con-
tract), BIM data was more actively used in design phase.

Business Function (F) & Transaction Depth (T)

Business function (F) is the most important variable for measuring BIM utilization
(Jung and Joo 2011). Design (F03), scheduling (F05), and cost control (F08) were
the most often used ones for all five cases, even though the transaction depth
differs in each case. In Case I, cost and schedule information was already
integrated in CPM schedules (i.e. earned value management system) on a higher
level (less details) with strictly shared common numbering systems. Rough 3D-
objects for CM was then connected to this integrated cost and scheduling system
in order to implement 5D-CAD for on-site briefing for workers (F11), as well as to
conduct interference check to review drawings from 30 different engineering
firms. Case V utilizes similar concept as it provides pre-integrated cost and
schedule information to 3D-objects. But, Case V has pre-embedded numbers of
geometry breakdown structure (GBS), CBS, and WBS. Therefore, users do not
need to input the whole different numbers. Case V also developed a numbering
system for cost data collection purpose, thus up-to-date cost information can
automatically update the templates.

Cases II, 111, and IV conducted more comprehensive integration between 3D-
CAD and other business functions including sales (F02), materials management
(F06), contracting (F07), quality management (F09), and accounting (F12). It was
possible because the companies in Cases IL, III, IV were EPC or GC who needed to
manipulate detail construction data in their organization with proprietary sys-
tems. As shown in Figure 7-1, Case II (EPC) largely utilized BIM in design phase,
which would be ideal for up-front BIM setup. The transaction depth (T) for all
these construction business functions (F) is also substantially comprehensive in
Case IL
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Implementation (M)

As discussed, utilizing BIM within PMIS for everyday practice is not easy task. The
difficulty is mainly due to the cost required to run BIM applications (especially,
efforts to input all different data into BIM), and it is not because of the technical
skills required for using BIM. Even without having commercially available BIM
software, companies in the case studies have already implemented complex and
advanced BIM practice in 1990’s. The same principle applies to today’s BIM
implementation. If BIM is found to be economically or strategically beneficial for a
project, the construction practitioners will use it.

Therefore, it is meaningful to see the motivations for five Cases in this study.
Cases I and 1II effectively used BIM for their everyday management (M02). In
addition, Case II achieved competitive advantages (M01) by developing and using
BIM/CIC system as the first mover in the market. As for Case III and Case 1V,
strategic advantages were the most important BIM driver. Their technical
capabilities in CIC/BIM were recognized in the industry as well as in the academia.
By using the results from these experiments, they developed many other applica-
tions for practical uses. For Case I, in their CIC/BIM development process, they
also conducted company-wide redesign of management information systems
(MIS/ERP) with improved procedures. For all companies in Case I through IV,
procedures (M03) and manuals (M04) must be developed at the same time.
Finally, Case V is a very special one, because the government initiated an industry-
level research to disseminate the traditional housing. It can be also interpreted as a
strategy (MO1) of a nation.

Defining the project objectives and requirements from strategic (M01) and
managerial (M02) perspectives would make BIM more viable. Of course, using
BIM in design firms at the design phase is important aspect. However, this study
focuses on ‘active use of practical BIM’ throughout project life cycle.

CONCLUSIONS

It is notable that both curtailing CIC and expanding BIM research commonly
explore practical effectiveness. In general, this reciprocal convergence of CIC and
BIM implies the needs and issues of optimizing mechanisms for maximum
effectiveness of IS in construction. Nevertheless, these two acronyms seem to be
in different perspectives in terms of the level of application. While CIC is more
project-oriented or organization-oriented, BIM is focusing more on the industry
perspective (Jung and Joo 2011).

Based on the CIC and BIM frameworks, this study investigated a further
extended IS framework for PMIS in the construction industry. As discussed, in
order to have maximum benefits from BIM, it is required to assess the role of
nD-CAD applications in different PMIS environments. It is found that utilizing
3D-CAD systems within a PMIS environment is very dependent on the project
characteristics including project delivery methods, life cycle of the facilities,
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construction business functions, and others. Among these variables, perspective
(P), project life cycle (L), and construction business function (F) are well
representing the characteristics of BIM implantation. Based on these three
variables, implementation (M) plan should incorporate the strategic (M01) and
managerial (M02) requirements for successful BIM.

At the present time, the integration in between 3D-CAD and PMIS in practice
is not fully utilized yet, however, as observed in Case II and Case III, this
integration in full spectrum is practically beneficial for large organizations under
certain conditions (e.g. project delivery methods and vertical integration). In
addition, expanding the use of 3D-CAD in engineering firms (relatively small
organizations with limited business functions) is obviously encouraged. In order
to boost more advanced and more effective construction information systems, it is
necessary to research and develop BIM and PMIS in a comprehensive manner.
Even though the number of cases is limited and interpretations can be somewhat
subjective, this study tried to provide implications and a starting point for future
research by developing a systematic method for comparing BIM cases.

APPENDIX: GLOSSARY

2D-CAD: two-dimensional computer aided design
3D-CAD: three-dimensional computer aided design
nD-CAD: multi-dimensional computer aided design
BIM: building information modeling

BPR: business process reengineering

CAD: computer aided design

CALS: continuous acquisition and life-cycle support
CBS: cost breakdown structure

CIC: computer integrated construction

CM: construction management

DAT: data acquisition technology

EPC: engineering-procurement-construction

ERP: enterprise resource planning

GBS: geometry breakdown structure

GC: general contractor

ICT: information and communication technology
IFC: industry foundation classes

IPD: integrated project delivery

IS: information systems

IT: information technology

M&O: maintenance and operation

MIS: management information system

PDM: project delivery method

PI: process innovation
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PMIS: project management information system
PNS: project numbering system

R&D: research and development

SC: supply chain

SIS: strategic information systems

WBS: work breakdown structure
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CHAPTER 8

An Adaptive Cyber-Physical
System’s Approach to
Construction Progress

Monitoring and Control

Oluwole Alfred Olatunji*
Abiola Abosede Akanmu’

Abstract: This chapter proposes an approach to deploying an adaptive cyber-
physical system (aCPS) for project monitoring and control. In developing the system,
we use a prototype platform which employs a radio frequency identification system
that is capable of real-time location sensing to track construction processes and
resources within spatially mapped activity areas. Data from the system are fed into
BIM-based construction models such that project statuses are tracked and aligned
with project schedule in an interactive manner. Outcomes of the procedure are
primed on the impact of real time status tracking as project stakeholders are able to
continuously create quick and preventive solutions against schedule delays and
disruptions before overruns occur. Compared to existing project monitoring and
control systems, extant approaches are susceptible to the limitations of manual
approaches where data gathering and their syntheses are non-adaptive. Our
findings also show that, in a data intensive environment as construction, satisfac-
tory project outcomes are driven only by effective interactions between cyber and
physical systems. We conclude that, to maximize system deliverables through cross-
domain technologies — particularly to swiftly aid decision-making, autonomous
systems must be able to shift boundaries dynamically, be context-adaptive and be
capable of generating real-time information.
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INTRODUCTION

Project success is usually primed on the integration of virtual-computational
and actual construction data. Computational data, such as design and pre-
contract estimate data, are meant to inform decision-making in actual con-
struction systems e.g. to manage project schedule, control costs and enhance
value (Bowen et al. 2010; Cha and O’Connor 2005; Kelly and Hunter 2003).
Likewise, construction data are used to appraise computational systems such
that design deliverables can reliably predict project outcomes (Acharya et al
2006; Barton 2000; Daschbach and Apgar 1988). As data from each of these
domains are developed through many sources in different lifecycle stages, they
are often complex and difficult to integrate; especially in real times, and with
sufficient integrity to prevent misleading outcomes from jeopardizing project
outcomes (Boddy et al. 2007). Several studies have shown unequivocally that
when virtual and actual construction data are unable to integrate, errors and
overruns may not be detected until they have occurred and have escalated
obstinate conflicts between design and construction deliverables (Hinze et al.
1992; Jergeas and Ruwanpura 2010; Love et al. 2013). Construction manage-
ment literature is already inundated with observable outcomes when these
happen: they create friction in project relationships (Reichelt and Lyneis 1999);
expose stakeholders to pressure as they try to catch-up on lost schedules and
re-engineer project deliverables (Jergeas 2008); jeopardize project outcomes
(Pinto and Mantel 1990).

Regardless of sources and integration issues, one of the main challenges is that
these data should be generated, captured, shared, synthesized, adopted, stored and
metamorphosed seamlessly and appropriately without significant dissipation
(El-Omari and Moselhi 2009). As a key approach in facilitating this, Akanmu
(2011) has demonstrated the cyber-physical system (CPS) as an approach that
could be used to engineer how construction data are captured and integrated
across the different source domains in real time. The purpose of this chapter is to
elicit an adaptive approach to CPS - this will be referred to aCPS in this chapter
forthwith. The objectives are:

1. By way of literature analysis, to describe an approach to the adaptive cyber-
physical system (aCPS) through a procedure for using sensors such as the
radio frequency identification technology that is capable of real time location
sensing (RFID-RTLS) for tracking construction processes and resourcing
within spatially mapped activity areas.

2. To describe how data from the radio frequency identification technology
that is capable of real time location sensing (RFID-RTLS), which are fed into
design and construction models, are able to generate real-time adaptive
outcomes.

3. To create a robust framework for deploying an adaptive cyber-physical
system (aCPS).
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CYBER AND PHYSICAL SYSTEMS (CPS)

Definition of Cyber Physical Systems

According to Rajkumar et al. (2010), cyber-physical systems (CPS) are physical
and engineered systems, the operations of which are monitored, coordinated,
controlled and integrated by a computing and communication core. Wu et al.
(2011) have added another perspective to this: CPS supports the tight integration
and coordination between virtual resources and, physical processes and compo-
nents. In context, virtual resources include sensing systems, applications, virtual
models, databases and actuators, which could generate automated outcomes when
combined appropriately. On the other hand, the physical component of the CPS
include construction activities and physical resources whether in-situ or pre-
formed. Technologies such as radio frequency identification (RFID), photographic
methods and laser scanning have been used for several years to capture data on
construction systems (Bennett 2009; Golparvar-Fard et al. 2009).

Domains and Forms of CPS Application

Capturing and integrating data from both cyber and physical systems have evolved
as a result of advances in computing systems and the need to enhance control of
physical processes. With considerable rewards which can be replicated in con-
struction, the CPS control mechanisms have been applied in the healthcare,
transportation, manufacturing and defense industries (Talcott 2008). In such
applications, it has been categorized as open and closed CPS, and such had
depended mainly on the nature of interaction between the computational and
physical systems. An open CPS refers to systems where computing protocols and
systems interact with complex physical systems to facilitate reasonable predictions
of outcomes. An example of early open CPS is the networked navigation software
which uses mobile communication data to deduce information on traffic jams
from current movement profiles for improved route guidance (Weigel et al. 2010).
Ahmadi et al. (2011) have demonstrated another example in which “the Green
GPS” was developed and used for reducing fuel consumption and carbon
footprint.

As defined by Talcott (2008), a Closed CPS occurs within closed physical
locations where dedicated networks operate through computational boundaries.
In such situation, physical processes and systems are affected by spatio-temporal
systems. Together they form some closed loops as feedback mechanisms, requiring
physical actuation or control of the physical systems.

What Makes a CPS - Some Key Features?

According to Wu et al. (2011), a system cannot be considered a CPS unless
it is be able to bridge the virtual design to the physical world through sensors,
storage and applications, intelligent and decision systems, and actuators — see
Figure 8-1:
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Cyber-Physical Bridge

/

Virtual

Physical
Design World

N /

Physical-Cyber Bridge

Data acquisition technologies (e.g. RFID system, Wireless Sensors, Mobile systems),
Computing and Decision Systems, Storage and Application platforms and Actuators

Figure 8-1. Interactions between the virtual and physical worlds (Xia et al. 2011).

« The Physical to Cyber Bridge, which is the sensing process. It involves using
sensors and data acquisition technologies to acquire information about
processes and physical components or phenomena.

« The Cyber to Physical Bridge, which represents the actuation and shows how
the sensed information affects the system. In this context, actuation is taken to
mean making control decisions from the sensed information and/or using the
sensed information to physically control construction project’s components.

Characteristics of Cyber-Physical Systems

CPS aims to integrate the virtual design and the physical system; particularly in
ways that are entirely different from wireless sensor networks, embedded, real-
time systems, traditional desktop computing and the similar. Its defining char-
acteristics include:

o Context-adaptive component: The context of the physical environments must
be understood by the virtual design, and defined by the level of interaction
between the virtual design and the physical system. It is worthy of note that
such interaction is often enhanced by an integrating software.

o Real-time capability: The system requires close monitoring to capture con-
text-relevant and time-critical information. More importantly, data
retrieval, aggregation, processing and communication must occur before
critical information becomes obsolete or is replaced by new or contradicting
content.

« High-level automation: CPS can be partially or completely autonomous.
The level of automation defines the efficiency of the system.
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ADAPTIVE CYBER-PHYSICAL SYSTEMS (aCPS)

Increased investigations have focused on the development of new sensors which
offers opportunities for enhancing the level of automation and adaptivity between
the virtual design and the physical systems - as required conventionally by CPS. An
example of such developments includes that of the radio frequency identification
which is capable of real-time location sensing system i.e. the RFID-RTLS. The
RFID-RTLS provides real-time location tracking of tagged components, and this
markedly reduces the computational effort required to track the previous RFID tags
(Lee et al., 2012). In addition, RFID-RTLS promotes constricted integration, rather
in an adaptive way, of physical components with their corresponding virtual
representation in the model by using purpose-made software applications. Mean-
while, other high precision real-time sensors have been listed by Behzadan et al.
(2008) to include tracking based on Wireless Local Area Network (WLAN),
Bluetooth transmission and Dedicated Spectrums. The system resulting from this
has also been referred to as the adaptive cyber-physical system (aCPS) by many
authors, including Marstaller et al. (2012).

What Does an Adaptive Cyber-Physical System Mean to
Construction?

There are two perspectives to the applications of aCPS to construction. For
example, there is the compositional-level perspective which includes other percep-
tions outside the designer-controlled view of the CPS. There is also the component-
level perspective which is a designer-controlled view of the structure and operation
of the CPS, with a view to determine which components come to life at a time,
regardless of size (Al-Kuwaiti 2008). Considering the latter, studies have shown
that construction site personnel spend considerably critical time tracking and
recording progress data manually (Navon and Sacks 2007). As identified by Ergen
et al. (2007), the data collected using manual methods are usually prone to human
errors. No amount of this is excusable: the management of construction operations
requires an efficient tracking of construction progress data.

Over the years, researchers have observed the transitioning from isolated use
of radio frequency identification (RFID) tags to the use of integrated approaches
involving conventional RFID tags and virtual models (Chin et al. 2008; Serensen
et al. 2009). Embedding status information manually into the tags has been the
Achilles Heels in this approach. As such, construction personnel spend significant
amount of time on the manual process as well as in using multiple technologies to
gather data and accomplish target tasks. These limitations have been documented
by Serensen et al. (2009) and Chin et al. (2008): construction crew need to scan
installed tagged steel or precast concrete components manually to record com-
ponents’ installation status while using real time sensors for progress tracking.
This means such worker requires motivation to collect and record appropriate
progress data. Moreover, the approach does not reduce the concerns that may
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arise on the reliability of such systems. Another drawback is that access to
real-time information is not as possible in manual system as when adaptive
sensors (e.g. RFID-RTLS, WLAN, Bluetooth, Dedicated Spectrums) are used.
aCPS impacts these limitations. Some of the values it adds to project control are
highlighted below.

The Values of Adaptive Cyber-Physical System to Project
Monitoring and Control

The use of information technologies in construction is to simplify the complexity
and reduce the burdens that associate with existing construction practices; at least,
its goal is not to contribute to such negative indicators (Grau et al. 2009). In the
case of aCPS, several outcomes have added value to conventional practices:

+ Remote access: With aCPS, data from both the physical and cyber domains
flow adaptively into project repositories in real time. This occurs regardless of
the physical constraints in the spatial distribution of project components.
Moreover, data retrieval within the aCPS exists in its purest forms; the data
are captured and integrated into project control systems without marked
dissipation. Invariably, this deliverable facilitates efficient decision making
project control processes. In addition to these, an area of significant interest to
construction management research and practice is the capability to
store these data digitally throughout project lifecycle (Arayici et al. 2012;
Olatunji 2012).

o Real-time data integration: System integration has been a major issue in
construction. As elicited by Anumba (1996), the functionality of design
platforms often struggle to integrate. It is impossible for them to create,
retain and transmit data adaptively across different CAD platforms. Although
there are indications that these are being resolved through the building
information modeling (BIM) (see the Section on BIM), aCPS offers the
opportunity to integrate data from construction resources into project cyber
systems (Akanmu et al. 2011). This creates a basis for objectivity in project
control judgments, and at the same time, promotes the availability of highly
robust data which are adaptive in real time, and across different software
platforms.

o Multi-domain interaction: As indicated earlier, aCPS serves as a bridge in a
bi-directional flow of data and processes between the computing and physical
domains. The effect of this interaction is critical to project monitoring and
control outcomes. Previous studies have underlined the value of such effect. It
is sufficiently evident in the work of Acharya et al. (2006) that conflicts and a
lack of digital co-ordination of data from the two domains - i.e. the physical
and the cyber domains - have triggered dire consequences on project
outcomes. Such include dysfunctional contractual relationships and poor
project performance as a result of cross-domain data integration and integrity
issues.
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o Automated project monitoring and control: Sensors, actuators and integra-
tion platforms are in aCPS to facilitate automation and simplify data
processing across the Cyber-to-Physical (C-P) and Physical-to-Cyber (P-C)
boundaries. Invariably therefore, some benefits are offered to the project
deliverables as project databases become self-adaptive, rendering data engi-
neering more simplified for controlling construction resources and costs. This
is especially so by avoiding some of the limitations and sophistications of
conventional procedures. Sufficient evidence supporting this view has been
elicited comprehensively by Navon and Sacks (2007); Popov et al. (2010);
Whyte et al. (2000).

o Accuracy in data collection: Completeness and integrity of data from both
C-P and P-C domains matter in aCPS project control processes. There are not
many ways to capture, integrate and synthesize data on construction project
implementation across naturally occurring domains, in real time, in their
purest forms and without dissipation and accuracy issues. With the exception
of system error and failure (see Behzadan et al, 2008), aCPS offers the
opportunities to overcome these limitations. The outcomes are considerable:
decision making regarding progress monitoring and control are based on
robust and accurate data. Similarly, visualizations in both virtual and physical
domain are reactive in real time.

o Attenuation of human error: Construction is impossible without human
actors who design, implement designs and manage projects. Human errors,
and the attendant effects, seem inevitable (Lowe and Skitmore 2001; Yang et
al. 2004). aCPS limits human errors through augmented remote sensing,
actuation and automation. The benefits of these to project implementation
include the time saving approach in aCPS, the quality of data upon which
objective judgments are based, and the ability to sustain same throughout
project life.

BI-DIRECTIONAL DATA DEVELOPMENT AND INTEGRATION FOR
PROJECT MONITORING AND CONTROL

Building information modeling (BIM) is currently the most popular system for
developing and storing project integrated data throughout project life. The
philosophy underpinning the robustness of its data, their adaptivity and multi-
disciplinary applications have been documented (Abdelkarim 2010; Arayici et al.
2012; Eastman et al. 2011). This section looks into BIM - its forms, the
methodologies underlying its interactions with data from the physical domains
and how this facilitates automated outcomes. For example, BIM models occur in
diverse forms in design and construction domains (Olatunji 2012). What are the
relationships between these, and which form of BIM models are most suitable for
aCPS? Answers are provided in the following sub-section.
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Forms of Building Information Models

BIM is a multi-dimensional (nD) platform that applies differently to the many
professional practices in project’s lifecycle. Like design, BIM applies to non-
design disciplines variously too. For example, Yesilbas and Lombard (2004)
have observed how nD modelling works in sensitivity analysis of a proposed
construction project. Isikdag, et al, (2007) have also identified similar oppor-
tunities in disaster mitigation and emergency response. This proves that as BIM
is used to create design data, it also applies to non-design disciplines for diverse
synthesis e.g. data development through estimation, scheduling, contract ad-
ministration and project management. Olatunji (2012) has identified the
different forms of project models and how they are put to use in construction
project lifecycle stages. These are visualization, prefabrication and construction
models, and models for design analysis. Others are procurement models, and
facilities management and simulation models. How do these apply to aCPS?
Specific aCPS applications in the different forms of building information models
are discussed below:

o Design Visualization Model: Either as architectural or engineering design
models, both raster and vector representations can be visualized and manip-
ulated seamlessly, from 3D to 2D and vice versa. Both forms are also made
from data-rich objects, which usually contain robust information (Munzner
2009). However, there are distinctive features in what both forms of repre-
sentation contain. Unlike working drawings, the objective of presentation
drawings is to aid design presentation, visualization and analysis. They are
often devoid of reference to materials, construction methods or measurement
details such as accurate scale and measures (Leupen et al. 1997). Under-
standably, BIM models in parametric vector forms are more attractive to
aCPS processes than raster representation. However, as argued by Golparvar-
Fard et al. (2009), construction status data can also be fed into project
databases through raster models. The typology for this communication
arrangement has been indicated as Figure 8-2.

An appropriate question is how does a design visualization model work
for or with aCPS? Figure 8-3, culled from Golparvar-Fard et al. (2009),

Central Server
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Figure 8-2. System typology and simultaneous access to design visualization
model (Olatunji, 2012).
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Figure 8-3. Augmented reality approach to construction progress monitoring
through design visualization model (Golparvar-Fard et al. 2009).

answers this. This approach focuses on the relationship between project
schedules and design visualization models by using independent still photo-
graphs to gather data on actual construction progress. The photographs are
then used to populate alternative visualization models which can be compared
to as-designed-and-as-scheduled models to monitor work progress and
design control measures.

There are some forms of design visualization models that are relative to

the procedure described above, including:

Design Analysis Model, which is derived from analyzing design models for
ease of use, transferability to other platforms and their ability to support
project goals. They also reflect strength of the data upon which design
models are based and whether such data can be maintained over a long
period of time without compromising the correctness, accuracy and
completeness both in the data themselves and when they interact with
other data models (Amor et al. 2007).

Prefabrication Model, which is targeted at standardizing component
designing, modularization and integration of forms, functions and con-
struction. Models made in 3D facilitate multi-perspective manipulation
and visualization, and contain robust metadata on design, sourcing,
fabrication, installation and other necessary information which is often
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absent in geometric-data-only (GDO) CAD (Alwisy and Al-Hussein
2010).

- As-Built and Facility Simulation Model, which makes it increasingly
easier to transfer extremely large data showing all stages of a project history
on one single model, from conception through to design, procurement,
fabrication, construction and delivery. As the demand for intelligent
construction has increased markedly in the past decades, many neo-
classical facilities now have sensors and actuators that make them behave
intelligently. Moreover, through this form of model, situation reports on
facilities operation can be generated automatically, assets can be tracked
and facilities can alert users when maintenance actions are required.
Similarly, the behaviors of intelligent and human actors can be simulated,
analyzed and optimized.

In what ways do these models affect aCPS? Design analysis models add
value to construction processes, including through value engineering proce-
dures. Likewise, as-built and FM simulation models integrate information
that had existed on a project with a view to informing FM solutions’ providers
regarding the original rationales behind design decisions. This also includes
information on components’ performance, space creation and allocation.
Data from prefabrication models also assist in modeling and sourcing
replacements e.g. for future alterations, modernization, conversions and
rehabilitation efforts. The implication of these applications of model data
is that they offer opportunities to underpin post-construction use of project
model through the intelligence, and this aligns with the operational principles
of aCPS platforms.

Construction Process Model: Design models are usually static - this is
because they are usually aimed at showing how the final product will appear
when constructed. However, there are specific construction processes under-
lying how the final construction products are achieved. As shown in Figure 8-
4, such processes involve some strategic combination of human, materials and
plant resources. Norberg (2008) used BIM, location-based planning, 4D
modeling and Field Force Automation to illustrate how design models can
synchronize coordinated process agents (CPAs) in a particular work-flow
pattern. The outcome of the research is such that project models are rendered
interactive and motional. This procedure is popularly known as Virtual
Reality (VR), Virtual Construction (VC), Virtual Design and Construction
(VDC) or Virtual Prototyping (Huang et al. 2009). There are some benefits in
this. In a clear demonstration by Nasios (2001), virtual reality is used to
mitigate risks and uncertainties through on-site training. Lucas and Thabet
(2007), among others, have also demonstrated how virtual reality exposes
non-value adding activities during construction, improves resource efficiency
and gives project stakeholders the opportunity to visualize the values of
alternative options in project planning. In the view of Popov et al. (2010),
these achievements are the Achilles heel in conventional CAD systems.
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Figure 8-4. A synchronized construction process modeling (www.synchroltd.com).

In modes similar to construction process models, there are other
deliverables of BIM that relate to decision-making during project monitoring
and control. These include:

— Process Optimization Models, which are developed to improve process
efficiency, save resource input and improve product performance. Appli-
cable concepts in this direction include lean construction (Camarinha-
Matos et al. 2009), process re-engineering and strategic business
management (Oyegoke 2007), knowledge visualization (Burkhard 2005),
material management (Georgy and Basily 2001) and value management
(Cha and O’Connor 2005).

The overarching difference between the main construction model and
construction process optimization model is that the former presents a
particular perspective to executing the construction project in relation to
the contractual schedule. The latter focuses on improving selected compo-
nents of the construction project through different alternative approaches to
meet specific goals.

So, how do construction models work for aCPS, considering the in-situ
and preformed nature of construction works? First, mapped construction
processes require some form of performance measurement and benchmark-
ing. Second, as an alternative to photographic methods, construction models
are able to signal contractor’s approach to resource management and control.
For example, material inventories can be created through tagged materials
which are tracked and automatically reported when they have been
manufactured, being transported, when they have arrived site and where


www.synchroltd.com
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they have been stored. When supplies are unable to meet consumption and
such can jeopardize planned project schedule, automatic alert systems could
signal this. Third, in combination with video data, resource utilization and the
entire construction processes can be re-modeled and compared with the pre-
contract construction model (Olatunji 2012). The resultant model helps
contractors in terms of training, documentation, innovation trials and in
creating knowledge databases for future projects. The client also benefits: it is
an exceptional approach to contract administration which tells clients how
contractors have complied with process and resource specification, and could
serve as early signaling platform for schedule disruptions. Thus, it enables
project stakeholders to respond to schedule disruptions even before they are
noticed.

Whether in the form of design models or as construction models, there
are different automated aCPS approaches to construction data collection. The
subsection below shows how RFID-RTLS system works with BIM. Thereafter,
an approach to aCPS in BIM is discussed.

The RFID-RTLS System: An Overview

A RFID-RTLS enables the tracking of tagged components within spatially mapped
areas. It is made up of a master reader, some slave readers, RTLS tags and software.
A system configuration showing the relationships between these components is
shown in Figure 8-5. The process for the data-capture starts with battery-powered
tags. Once active, the tags are usually attached to assets and personnel being
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Figure 8-5. Component overview of the RFID-RTLS system.
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tracked. The tags then relay location information every cycle time to the master
and slave readers, which are positioned at the boundaries of areas of interest. Slave
readers are purposed to determine and relay tags’ ranges to the master reader,
which also captures location data from each slave reader and relays them to the
location engine software already installed in an associated computer system. Based
on time-of-arrival (TOA) of radio frequency signal from the tags to the reader, the
distance between tags and readers is determined in the location engine software on
the basis of round-trip time of the signal travelling between the two entities.

Prototype System Development
System Architecture

Figure 8-6 shows the system architecture consisting of RFID-RTLS system, BIM,
MySQL database, all integrated using a middleware written in Visual Studio.Net
(C#). The process starts with tagged resources, such as material, labor or equip-
ment which are ranged by the slave anchors. Along with the received signal
strength indicators (RSSI), ranged data are sent wirelessly to the master anchor by
the slave anchors, which also relays the information of the slave anchors to the
Location Engine Server, and sort them by the RSSI value on each tag. The range
data with the highest RSSI value are then given the most priority bases on location
computation. Following this, computed tag locations are forwarded to the
middleware.

Two middleware were developed within the RFID-RTLS Location Engine
Server and Autodesk Navisworks. These are called the RTLS-DB-EVM and
EVMPanel. Both middleware were developed using Visual Studio.Net 2010
(C#). EVMPanel was developed as a plugin for Autodesk Navisworks using the
software’s. NET API. Both middleware were connected to the MySQL database
which acted as a bridge to exchange information between the RFID-RTLS and BIM.

m—m————— (i “ t'F ) /f s s 7y
g - ;'» Tag location information® Wy
e ~ : % x
7 6 (o) = [ Resourcel assignment ! .?'
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Figure 8-6. System architecture for the developed aCPS.
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EVMPanel captures the user defined resource type, cost, and activity assigned to a
particular tag from a custom graphical user interface (GUI). This plugin also
extracts the schedule details, the list and planned cost of activities to be performed.
All of the data are collected in the database; where the RTLS-DB picks up and
processes the cost data. EVMPanel captures the user defined resource type, cost, and
activity assigned to a particular tag from a custom graphical user interface (GUI).
This plugin also extracts the schedule details from Autodesk Navisworks, the list
and planned cost of activities to be performed. These data are collected in the
database; where the RTLS-DB picks up and processes the cost data. RTLS-DB-EVM
checks for the current activity (by comparing the actual start and current date of
each activity in the database) and lists all the defined resources associated with that
activity. EVMPanel computes the probable costs of resources based on the location
of the attached tag. The computation of cost data is as follows:

o Ifaresource type is material, the probable cost is computed as the material is
tracked to its installed location. The cost per unit quantity/time is defined in
the database and is the actual cost incurred based on the resource type
(material, labor/equipment) - see equation 8-1.

Probable Cost (Material) = Quantity/ Time x Unit Price  Eq. (8-1)

o If a resource type is labor, it is assumed that the labor is working when they
are within the vicinity of the installation zone (known as the ‘Labor’ zone).
RTLS-DB-EVM computes the total time spent by the labor tag, when it is
within the ‘Labor’ zone. The probable cost is calculated when the labor
moves out from the work zone i.e. by multiplying the time spent by the unit
cost defined in the database — see Equation 8-2.

Propable Cost (labor) = Time spent x Unit Price Eq. (8-2)

o In ways akin to Harris et al’s (2006) description of operational cost estima-
tion, if an equipment is required for an activity, it is assumed that the
equipment is working only when it moves between the storage and installa-
tion location of components or when the equipment moves between the
activity’s associate facilities. In the case of the former, RTLS-DB-EVM
computes the total time spent by the equipment as it moves between the
‘Storage’ zone and the ‘Installation’ zone, and this is used to calculate
the actual construction cost of the activity that the equipment is involved
in. The probable cost is calculated in a similar way as the labor by multiplying
the time by the unit cost defined in the database by Equation 8-3.

Probable Cost (Equipment) = Time spent x Unit Price  Eq. (8-3)

After computing the actual cost, the RTLS-DB-EVM stores the data and the
timing information in the database. EVMPanel extracts the cost information from
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Figure 8-7. Database table structure.

the database and presents it visually in real-time on a graph via a custom GUI
developed within the plugin.

Software Architecture

The software architecture shown in Figure 8-7 is for a developed prototype,
distributed over two middleware. Both middleware are connected to a centralized
database and acts as a bridge to relay information between both RFID-RTLS
software and Autodesk Navisworks. The database is installed on a workstation
where a database schema is setup. Four database tables are modeled to capture the
following information: ‘accuracy_table’, ‘taginfo’, ‘activitydetails’ and ‘tagdetail’.
The accuracy_table’ stores the Tag IDs, RSSIs, reported ranges from each anchor
to the tag and reported location from the system. The ‘taginfo’ stores the TagIDs,
last known zone within which the tag is reported, the date and time for each
capture is also added. The ‘activitydetails’ table stores the Activity ID and their
associated actual start and end dates. The ‘tagdetail’ stores the resource type,
resource cost, activity, and description. This information is assigned to a particular
Tag ID which is also defined in this table.

As shown in Figure 8-8, the RTLS-DB-EVM is developed to capture location
information and all associated data such as tag IDs, reported locations from the
RFID-RTLS location engine software. It also serves as a terminal for users to input
the zoning information (such as the workspace name, size and location) into
the system. By checking for the current activity stored in the ‘activitydetails’
database, the RTLS-DB- EVM compares the current and the actual dates (start and
end) of the activities. Actual costs are determined by the middleware based on the
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Figure 8-8. Brief software architecture for the project control prototype.

location of resource tags associated with the current activity (as discussed in
Equations 8-1-8-3 under System Architecture), and the information is stored in
the database.

EVMPanel is also connected to the database. It uses the timer function to scan
the database ‘taginfo’ for specific information. As soon as the tag ID is populated
in the database, the plugin launches a search query within the Navisworks for a 3D
component with the matching tag ID. Based on the zone reported in the database,
the plugin automatically updates the color of the searched 3D component. If a
reported zone is empty (on-site), the component color is changed to red; to white
if a reported zone is ‘Storage’; and to green if a reported zone is ‘Installed’. Using
the timer function, this plugin scans for changes in the ‘valuetable’ component of
the database. By using associated activity, it captures all the cost data, processes
and presents them in a graphical form. In addition to this, it also stores
information in the database, including schedule details (Activity ID, actual start
and end dates) in the ‘activitydetail’ table of the database. Through a custom GUI,
user-defined resource type, resource cost, and activity assigned to a particular tag
can be captured and stored in the ‘tagdetail’ component of the database.
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CASE STUDY

This section illustrates a case study on the application of the aCPS. The goal of the
aCPS in the implementation project is to automatically and continuously generate
site layouts through BIM, based on the project schedule and space availability.
In addition, the outcomes generated by the system also consider optimal layout
solutions that are primed on the probable minimal total cost for resource
transportation, facility setup and shifting. To achieve this, the aCPS integrates
the RFID-RTLS system and Genetic Algorithm (GA) as detailed in the archi-
tectures discussed above. During the implementation, the RFID-RTLS system
serves two functions: (1) it tracks the context of site spaces and construction
personnel, and; (2) it provides a graphical user interface (GUI) for visualizing the
generated layout. To compliment this, the GA serves as the search algorithm for
achieving the optimal layout solutions.

The implementation case study was observed on the Western View Apart-
ment Project of the Western Michigan University. Located on the main campus,
the total area of the project site is 136,800 ft*> (15,200 m?), which includes a
parking lot area of 59,535 ft?> (6,615 m?) - we have targeted parking lot area for
our site layout scenarios. Although we did not observe any critical limitations in
the contractors’ applications of the aCPS on any part of the project, for the
purpose of this report, we have limited our observation to a site boundary of
6.3mx 10.5m (66.1 m?). As shown in Figure 8-9, by using the RFID-RTLS
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Figure 8-9. Possible locations layout in RFID-RTLS system interface.
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system, the layout was divided into 60 locations. Each location has an area of
1 m?. Of these, 6 locations were not available for tagging because they overlapped
with the main building. The remaining 54 locations served as inputs to the RFID-
RTLS system. Once this information was entered into the RFID-RTLS system, the
coordinates (X, Y) of each possible location was calculated and embedded in the
database. The GA then extracts the information to create distances matrix between
the locations — as noted earlier, this matrix is required for computing the objective
function.

Based on the project schedule generated in Autodesk Navisworks, and shown
as Figure 8-10, 18 temporary facilities are required for our observation. Accord-
ingly, there were different tasks to be executed, each of which requires at least one
facility to move within at least one construction stage. Moreover, this also requires
efforts from the construction personnel who had been tagged.

Identification details of the 18 facilities involved in the observation project are
shown in the first two columns of Table 8-1, while the distribution of the facilities
in each of the three construction stages is shown in Table 8-2.

As all the 18 temporary facilities interact, GA only calls out the frequency
values of facilities within a current stage. For example, Stage 1 has 8 temporary
facilities, numbered 1 to 8. Consequently, 8 x 8 matrixes apply to the frequency of
trips for the Stage. For the entire 18 facilities, an 18 x 18 matrix applies. Table 8-3
shows the frequency of trip matrix per day as each tagged personnel and facilities
moved.

EH E & EELHH
8 E® EELBB
3 E 8 EE | 8B

Figure 8-10. Building model with project schedule in navisworks manage.
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Table 8-1. Setup cost of temporary facilities, as observed

Setup Labor
ID Name Cost ($)  (persons)  Cost (5)
1 Concrete Element storage area 200 4 88
2 Rebar bending yard 150 3 66
3 Carpentry workshop 200 4 88
4 Moulding board storage area 200 4 88
5  Storage Container 130 4 88
6  Material delivery storage area 110 3 66
7  Mechanical equipment storage 125 3 66
8  Raw material container 120 5 110
9  Material hoist 100 2 44
10  Brick Yard 160 6 132
11 Electrical equipment storage area 145 3 66
12 Insulation material area 135 4 88
13 Drywall sheet storage 160 3 66
14  Concrete pour equipment 165 5 110
15  Paint storage 170 3 66
16  Finishing equipment storage 120 5 110
17  Carpet/interior material storage 130 4 88
18  Cleaning equipment 100 2 44

Table 8-2. List of temporary facilities involving in each construction stage

Stage 1 Stage 2 Stage 3
1 3 13
2 4 14
3 5 15
4 6 16
5 7 17
Temporary Facilities 6 8 18
7 9
8 10
1
12
13

It is important to note that the cost data used by the construction company
handling the project was used to develop the set-up costs shown in the last three
columns of Table 8-1. For confidentiality reasons, the specific approaches
underlying these are not disclosed here. Nevertheless, the works of Akintoye and
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Table 8-4. Total cost of each site layout generation

Phase  Layout Cost (S)  Setup cost ($)  Shifting Cost (S)  Total cost (5)

1 157.9 1235 — 13929
2 1284 700 154 9824
3 155.9 685 836 1676.9

Skitmore (1992), Skitmore and Wilcock (1994) and Olatunji (2012) are relevant to
construction costing methods.

According to the project schedule, and shown in the facilities schedule tables
(Tables 8-1 and 8-2), a total of 8 facilities were setup at the beginning of Stage 1. As
shown in Table 8-4, GA generated a site layout with total cost of $1392.9;
representing layout and setup costs of $157.9 and $1235 respectively. There was
no shifting cost of temporary facilities in Stage 1 since the stage has no preceding
stage. Thus, layout of the temporary facilities was produced and input into the
RFID-RTLS system without considering variability of locations prior to this stage.

Figure 8-11 shows the first layout on the graphical user interface (GUI) of the
RFID-RTLS system. After generating the site layout for Stage 1, the RFID-RTLS
system monitored the movement of all tagged resources within the layout spaces on
site. As shown in the project schedule (refer to Figure 8-10), the last 4 tasks in Stage 1
extend to Stage 2. Consequently, all the facilities associated with these 4 tasks are

| =1l ﬁﬂ\\

Figure 8-11. Site layout of phase 1 in RFID-RTLS system interface.
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Figure 8-12. Site layout of stage 2 in RFID-RTLS system interface.

considered fixed, as they are being monitored in the system. Simply put, as the 4
tasks have commenced in Stage 1, and have continued to Stage 2, their entries have
been adopted in Stage 2 as they were entered at the beginning of Stage 1.

When Stage 1 ended, BIM triggered GA for new site layout. By taking the
fixed facilities into account, GA only generated site layout based on the new
facilities for Stage 2 (shown in Figure 8-12). $982.4 was the total cost of site layout
of Stage 2 (refer to Table 8-4). This includes layout cost, setup cost and shifting
cost, calculated as $128.4, $700 and $154, respectively. Setup cost represents the
cost of setting up facilities 9 to 13 since they are new items in Stage 2. Where a
facility which is not in use in a Stage is to be moved, the removal cost will be added
to the shifting cost.

The same procedures in Stages 1 and 2 were applied to Stage 3.According to
the project schedule, Facility 13 was not moved since the associated task started in
Stage 2 and was carried over to Stage 3. Figure 8-13 shows the site layout generated
for Stage 3 as BIM triggered GA for an output. $1676.9 is the total cost of the site
layout for Stage 3 as generated: the corresponding layout, setup and shifting cost
are $155.9, $685 and $836 respectively. In this case, the setup cost includes the cost
of setting up facilities 14 to 18 and the cost of shifting or moving facilities 3 to 12.
Thus, the total cost depends on the number of facilities associated with each phase
and the number of facilities that are shifted.
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Figure 8-13. Site layout of stage 3 in RFID-RTLS system interface.

CONCLUSION ON THE DELIVERABLES OF ADAPTIVE CPS

An adaptive cyber-physical system promises a bi-directional platform for
sensing and actuating data capturing in construction systems. It also promotes
automation of information gathering between construction physical systems
and design virtual systems towards intelligent project monitoring and control
protocols. The approach described in this chapter shows how a RFID-RTLS
captures data on construction resources in real time, and feed the data into an
integrated design platform such as BIM, which triggers a genetic algorithm to
generate site layouts and their cost implications. The values in this system are
discussed below:

o A project design that is generated through collaborative platform such as BIM
promises multi-disciplinary integration, particularly involving design and
construction disciplines. This integration has been one of the main con-
tributions of this work. Although other studies (including Lee et al. (2012);
Norberg (2008)) have explored CPS, they have not included automated cost
management processes in real time. Where cost management has been
studied (e.g. Arayici et al. 2012), one of the main challenges was how to
use appropriate technologies to capture data from remote sites in real time. As
a key solution delivered in this study, we contend that using RFID-RTLS
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limits human errors, promotes multi-domain integration and protects data
integrity.

« Integrating the adaptive nature of physical and virtual systems is not new, but
relating the adaptivity between the two to cost data in real time is novel. For
example, in the data capture approach using still photography described by
Golparvar-Fard et al. (2009), schedule overruns are detectable. However the
process does not determine the cost implication of schedule overruns, neither
does it encourage the synthesis of cost implications for resource control and
time savings. As elicited in this chapter, aCPS is able to achieve these.

As per the procedures presented in this chapter - to promote the impact of
cyber-physical systems - it is pertinent that technologies across domains are able
to shift boundaries dynamically and be context-adaptive, autonomous and capable
of generating real-time information for aiding swift cost management decision-
making. This is because the outcomes reported in this chapter relate to a well-
defined approach to cost management from construction project management
perspective, usable by clients for cost control and contract management purposes,
and by contractors for production control measures.
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Abstract: Building Information Modeling (BIM) has demonstrated important
functional applications for architects, engineers and constructors, as both a tool
and a process. However, its relative value for Facility Management (FM) has been
widely debated in the industry. By leveraging the data resident in the geometric
models, it can be reasoned that using BIM for FM is a valuable function of
information management. The potential impact BIM has on cost reduction coupled
with increased facility life cycle efficiencies are compelling arguments to keep
developing and refining BIM for FM. As it continues to develop, BIM will facilitate
efficiency gains in facility operations, ultimately yielding a more sustainable built
environment. This chapter is a literature review of the current efforts in academia
and industry that have looked at synthesizing the collection, dissemination and
distribution of information through a project lifecycle and critically analyses how
BIM can aid this process. It also describes the current technology that enables the
said processes to occur. In conclusion, the authors present recommendations for
future avenues of research.
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INTRODUCTION

All facility owners share a common theme in their organizational goals that is
ensuring that the end users are effectively receiving the services for which the
facility has been designed. The day-to-day management of the facility, including
operations and maintenance (O&M) contribute to this goal. There is a growing
recognition that FM contributes to the health and well-being of the buildings
occupants, thereby benefiting efficiency, productivity and profitability of the
people and the organization. Thus, the role of the FM team is to maintain the
facility, optimize operational costs and efficiently manage all systems, while
assessing its impact on people and processes within the facility. Complex building
systems and controls increasingly offer opportunities as well as challenges for the
profession. As the facilities and building systems reach and exceed their expected
operating lives, significant issues of repair or replace become prominent. The
revolution in building O&M is being fueled by a parallel revolution in information
technology. New technologies bring opportunities for optimizing facility perfor-
mance. Thus, the skills of a FM team have to expand to include knowledge about
complex systems, technology and organizational impacts of maintenance
management.

Facilities’ of all types, sizes and complexities are dependent on the informa-
tion they create. This could be information about the facilities existing features,
space, materials, equipment and their performance, engineering, energy consump-
tion amongst others. To perform his/her work of operating and maintaining the
facility, the facility manager requires easy access to this information. Digitization
of building information is accompanied with the hope that it is more accessible,
accurate and easily communicated (Anderson et al. 2012). Hence, an ideal
technological vision is that of a central database, such as a BIM, that supports
open access to information when and where required across the FM organization.
BIM allows facility managers access to information about the facility within
minutes, when previously it could take hours of research to obtain the same
information.

This chapter will approach the topic of BIM and FM from the perspective of
information management while emphasizing the importance of the accuracy and
relevance of the most critical variable i.e. information. Instead of looking at BIM as
a tool in isolation, BIM for FM is an approach that is part of a system that includes
people, processes and data (see Figure 9-1). BIM serves as the information
backbone for FM systems, which can be combined with advanced technologies
to gain greater efficiencies in operational workflows. The chapter flows from
general to specific, covering the following topics; a brief overview of the FM
industry, definitions of commonly used FM acronyms, information exchange
standards, data handover including references to owners project requirements,
standards and contracts, building commissioning, an overview of other technolo-
gies used in conjunction with BIM and concludes with the current challenges faced
by the FM industry and suggested avenues for further research.
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Figure 9-1. BIM as a system.

AN OVERVIEW OF THE FM INDUSTRY

Until about half a century ago, Facility Management (FM) was known as public
works and generally referred to as maintenance, cleaning and repairs. Over the
years, the functions of FM have evolved from meaning just operations and
maintenance to include business functions, performance functions and financial
management. According to Cotts et al. (2009), a well-managed facility creates a
favorable work environment by having a direct impact on its employees” quality of
life, health and safety. It is therefore pertinent for a facility to function as a healthy
living organism in order to add strategic value to an organization.

The International Facility Management Association (IFMA 2013) defines
facilities management as, “a profession that encompasses multiple disciplines to
ensure functionality of the built environment by integrating people, place, process
and technology”. This definition is broad enough to illustrate the multiple
interdisciplinary functions that facility owners can tailor to their organizations
infrastructure and business philosophies. The objective is that these integrative
themes perform together for the holistic purpose of reducing operating costs,
improving energy efficiency, supporting sustainability objectives and improving the
quality of the facilities. When planned and executed efficiently, the expected results
can be more than just cost savings. According to Shear (1983), a well-managed
facility ensures “maximum savings on investment through optimum efficiency of
operations, preventing emergency breakdowns, saving on replacement costs,
improving occupant comfort and develops a competent management team”.

“The Facility Management Handbook” lists 14 common functions based on
tasks or activities that the Facility Manager is responsible for, not necessarily
individually (Cotts et al. 2009). They encompass a variety of themes ranging
from management, planning, construction, and finance to technology, O&M,
telecom, security and other administrative services. These themes can be repre-
sented as FM roles and responsibilities in a popularly known visual; the FM Pie
(Theriault 2010).
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In most organizations, FM departments are created to manage the number, size
and complexity of the facilities along with the development of new construction
projects. The different strategic organizational models for facilities management are:

« In house management,

o Management by an agent or consultant,
 Direct outsourcing,

« Management by a contractor and,

o Integrated FM.

The type is developed considering the specialization or complexity of the non-
core processes (maintenance, repair, technical assistance etc.), the focus on core
processes (financial and human resource management), inclination to outsour-
cing, and desired level of autonomy in relation to the non-core process manage-
ment (De Toni et al. 2012). A survey conducted by IFMA (2013) in 2001 on
‘Designing the Facility Management Organization’, at a response rate of 22%
highlighted some popular organizational trends:

o 54% of all FM divisions are structured as a separate department of the organiza-
tion, 42% are part of a larger department (usually Administration, HR, Finance,
Operations, or Real Estate), and 4% are split across various departments,

o FM departments most frequently include maintenance and operations (91%),
facility planning (88%), space management (75%), environmental health and
safety (58%), real estate management (56%), and administrative services (52%).
Only 8% of departments directly supervise the information technology function,

o 14% handle all services internally, 80% use out-tasking and 6% out-source.

Considering the general functions and organizational structures, it is evident
that FM departments include personnel from various different backgrounds and
expertise and tend to be spread both horizontally than vertically. With the various
different departments and people exchanging information, it is likely to get
entangled in a web of redundant and unnecessary information. Before we look
at ways for making sense of the information, the next section gives a brief overview
of the common FM terminologies.

Commonly Used FM Acronyms

Reactive Maintenance

The traditional method of maintenance is the ‘run to failure’ reactive maintenance
approach where a part is replaced only when it fails.

Preventive Maintenance (PM)

Preventive maintenance is the time-based scheduling of maintenance activities
effecting repairs before a failure occurs. The objective here is to eliminate or
significantly reduce actual failures and breakdowns. PM introduces control and
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ensures higher reliability while reducing costs through balancing work and
downtime (Lewis and Payant 2007).

Predictive Maintenance (PdM)

Predictive Maintenance is a maintenance philosophy in which condition is
monitored at appropriate intervals to enable accurate evaluation of equipment
(Lewis and Payant 2007). PdM is a proactive method of condition monitoring,
which helps predict when maintenance has to be performed. Previous knowledge
of the equipment’s condition helps in anticipating needs for repairs, schedule
appropriate resources, order required parts only when needed, eliminating wasted
efforts and leading to an overall lean process.

Computerized Maintenance Management Systems (CMMS)

CMMS is a computer software tool used by facility managers to store complete
information about all assets within a facility and use-modules such as work order
control, preventive and predictive maintenance, inventory control etc. The program
behaves like a cross linked series of databases. Work orders can be generated,
updated and archived in a CMMS. While some of the information is feasible to be
captured within a geometric model, some of the information comes from separate
sources such as commissioning reports and vendor data. A new asset in a CMMS
will consist of at a minimum the following information (Foster 2012):

o Classification type (asset number, equipment group, criticality) and attributes
(dimensions, weight, power, energy consumption),

o Manufacturer name and vendor data including model number, serial number,
specifications, warranties, performance data, replacement parts information,
O&M manuals, and installation date,

o Real property information such as building name, floor and room numbers,
quadrant of the room,

o Installed equipment’s operating parameters.

BIM can assist in automating the process of data transfer and update. If the
relevant data is captured as a part of the BIM attributes during design and con-
struction, previous labor-intensive data entry processes can be avoided when trans-
ferring the attributes to a CMMS. Some application areas of BIM-CMMS include:

o Visualization of spaces and easy location of systems and components during
emergencies,

« Facilitating maintainability studies focusing on the desired performance at
various stages of a facilities lifecycle (Becerik-Gerber et al. 2012),

o Prioritization of maintenance activities based on historical trends: A case
study conducted by Ackamete et al. (2010), interfaces the history of changes
captured from work orders archived in a CMMS with BIM. This exercise
helps in identifying spatial trends and relationships for each type of repair
activity. Through this visual and spatial analysis of maintenance and repair
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work performed over a period of time, the facility manager can identify a
pattern or a trend that helps the prioritization of maintenance activities. Such
analysis leverages the 3D geometric data from the BIM, with the current and
past data stored in the CMMS.

Computer Aided Facilities Management (CAFM)

CAFM is a software used by facility managers to track and plan events occurring
in the department and analyze areas for cost savings. This tool gives the facility
manager the ability to automate many of the data-intensive functions that
typically result in continuous cost savings and improved utilization of assets
throughout their entire lifecycle (Watson and Watson 2011). A variety of
companies provide CAFM solutions, which can be client-server or cloud based.
All CAFM tools will have at least an interactive relational database, an interactive
graphics module and a user-friendly interface with data management functions
such as data input, analysis and editing. A CAFM system will provide the
following functionalities (Watson and Watson 2011):

o Strategic Planning for improved capital planning of new and remodel assets
considering analyses of property and space,

o Space Inventory and Management including defining and standardizing space
attributes and physical asset inventories for managing space during occupan-
cy and move.

o Asset Management using bar codes or Radio Frequency Identification (RFID)
tags to track all movable assets and equipment.

o Portfolio Management including lease management, portfolio performance
and rent and contract management for multiple properties.

o Operations including tracking energy consumption, utilities monitoring,
lighting management, and maintenance management.

o Assessments for building condition inspections, condition reporting, security
vulnerability, and risk assessments.

A CAFM with an integrated BIM database and location based services
provides benefits such as visualization for space planning and forecasting,
compilation of information and viewing assets in the context of the space. It
establishes a more robust system by synchronizing with design information
available from a BIM.

Building Automation Systems (BAS)

BAS are computerized distributed control systems for intelligent buildings, which
monitor and control certain parameters for heating, ventilation and air-condi-
tioning (HVAC), mechanical, electrical and plumbing (MEP), fire protection and
lighting systems. Core functionalities include controlling building temperatures
and lighting based on occupancy and monitoring system performances and device
fajlures. The primary objective is to reduce building energy and maintenance costs
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as compared to a non-controlled building and increase sustainability through
better performance of systems. BAS linked to BIM provides owners and facility
managers the visualization to simulate performance, track energy efficiency by
comparison with the design data. This also allows opportunity for controlling the
BAS through the model using third party software.

Energy Management System (EMS)

EMS refers to a computer system which provides metering, sub-metering, and
monitoring functions that allow facility and building managers to gather data and
insight. This allows them to make more informed decisions about energy activities
across their sites. The scope may span from a single building to a group of
buildings. Most of EMSs also provide ability for the monitoring of electricity, gas,
and water metering systems. They can be used to centrally control devices like
HVAC units and lighting systems across multiple locations. The data obtained
from these can then be used to perform self-diagnostic and optimization routines
frequently and to produce trend analysis and annual consumption forecasts.
Connecting the BIM data and the facility life cycle data to the EMS will ensure that
proper energy management is maintained through the life cycle of the building.

Ideally, a productive workflow can be achieved if the CMMS, CAFM, BAS and
EMS systems are able to smoothly exchange data with the BIM authoring tools.
However, due to the fact that these programs are developed by multiple software
developers on a variety of platforms, there is a constant roadblock when it comes
to information exchange. The following section will discuss the concept of
information exchange from a technology perspective.

INFORMATION EXCHANGE

Information exchange to a Facility Manager connotes the semantics of the
information being communicated to answer the question: what is the data being
exchanged in the FM process? For a technology expert and software vendor, it
connotes the ability to seamlessly exchange data over several disparate platforms
or: how and in what form is the data being exchanged? According to Redmond
et al. (2012), from a computer science perspective, in general there are three
methods for data exchange:

o Direct links that incorporate Application Programming Interfaces (API) to
extract and exchange data,

o Proprietary file exchange developed by an organization to interface solely with
its own proprietary software applications and,

o Public product data model exchange such as IFC and ifcXML which are open
and publicly managed data and schema.

The industry at present is in a transition period, making the change from
closed proprietary standards to open source or common standards. Several
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Figure 9-2. FM data needs and functions (Theriault 2010).

questions are being researched at organizational, technological, operational and
strategic levels. The research for interoperability and seamless technology inte-
gration is being led by the efforts of non-governmental organizations such as
buildingSMART alliance (bSa), research projects in universities and several other
private organizations across the United States. The need for interoperability is
paramount for the fluid transition of BIM to BIM-FM.

From the perspective of the Facility Manager, the most important challenge is
understanding what data is included in BIM and its effective use for daily work
processes. The organizational structure and the projects lifecycle together create
various points of data origin that collectively inform the facility manager’s decision-
making process (see Figure 9-2). The types and points of information generation
can be classified as:

o Design, construction and equipment information flowing horizontally through
the projects lifecycle, produced by architects, engineers, contractors and vendors,

o Current operations and usability information from end users and staff,
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 Condition and current performance information from CMMS, EMS or BAS
systems,

o Core-process information flowing vertically through an organizational structure,
« Non-core process information from different facility departments.

As mentioned earlier, generation of disparate formats of data from these
various sources is inevitable. Coupled with numerous way of communication, this
is often a reason for problems arising from interoperability, redundancy of data
and inefficiencies in decision-making because of either too much, too less or
inconsistent information. Consolidating the critical data to provide the FM with
the correct information at the perfect decision moment is important for bridging
the efficiency hurdles omnipresent in most FM organizations. This section
discusses the cost of interoperability borne by owners and the open standards
being developed for architecture-engineering-construction (AEC) data.

NIST study: Cost Analysis of Inadequate Interoperability
in the US Capital Facilities Industry

In 2004, the National Institute of Standards and Technology (NIST) commis-
sioned a study to identify and estimate the efficiency losses in the US capital
facilities industry resulting from inadequate interoperability among CAD, engi-
neering, and software systems. The study concluded that interoperability pro-
blems in the capital facilities industry stem from “the highly fragmented nature of
the industry, the continued paper based business practices, a lack of standardiza-
tion, and inconsistent technology adoption among stakeholders” (Gallaher et al.
2004). The study showed that in 2002, the industry as a whole spent $15.8 billion
on interoperability, 67% of which was borne by owners (see Figure 9-3). Of the
$10.6 billion spent by owners and operators in a year, $9.03 billion (or 85%) was
spent in the O&M phase itself, of which $4.8 billion or 53.1% was the cost of
information verification and validation (see Figure 9-4).

In the decade after this report was first published, several advances have been
made to mitigate the challenges faced due to interoperability of software applica-
tions by the adoption of neutral format standards such as Industry Foundation
Classes (IFC) and Construction Operations Building Information Exchange
(COBie). Flow of information has been streamlined with the establishment of
standards and execution plans and also the inclusion of O&M needs in the
contractual language.

Architects &
Engineers, 8%

General
Contractors, 11%

Fabricators &
Suppliers, 14%

Figure 9-3. Costs of inadequate interoperability borne by stakeholder group.
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Inefficiency i
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time, 16.60%

Transferring
data, 6.70%

Figure 9-4. Costs of inadequate interoperability borne by owners.

Open Standards - IFC and COBie

Industry Foundation Class (IFC) is an ISO Standard (ISO 26739) vendor neutral
data format used to describe, exchange and share information. It is a data schema
based on class definitions representing objects such as building elements, spaces,
properties etc. It is able to link alphanumeric information such as properties to the
physical geometry of an object such as a door or a wall while preserving their
semantic relationships. IFC model information is typically exchanged through an
information exchange format called STEP (ISO 10303). Most BIM authoring tools
now provide an export function for converting the model geometry to an. ifc
format that can be read by any other non-compatible software application.
Construction Operations Building Information Exchange (COBie) is an
information exchange model that helps capture information at the point of origin
and assures a smooth transfer of information through the stages of the facility
lifecycle without losing its context. It contains three types of information;
information created by designers, information created by contractors and sup-
porting information created by both (see Figure 9-5). This process is based on the

Facility Job
¥

Resource

Spare

build

Coordinates

Attributes

Figure 9-5. COBie organization (East 2014, March 3).



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

BUILDING INFORMATION MODELING FOR FACILITIES MANAGEMENT 233

assumption that the data will be provided by the party contractually required to
create the information. It is then translated to an Excel spreadsheet format, which
enables the capture of the data in its simplest format. COBie attributes can be
added to a BIM authoring tool and can be exported as a function of the BIM.

“COBie organizes all task based actions that need to be documented at
construction handover into one common format of ‘jobs’, identified by the type of
work, preventative maintenance, startup and emergency procedures etc.” (East
2013). This is useful for the maintenance staff as it enables them to understand the
design intent of the architects, the relationship between different spaces and
systems, plan their expected personnel requirements, provides an accurate as-built
information model and eliminates the waste associated with interoperability and
manual data re-entry.

PLANNING FOR FM DATA ACQUISITION

This section looks at the importance of acquiring accurate and appropriate
information throughout the projects lifecycle for a successful BIM use for FM.
Subsequent to which it will discuss the current practices and standards in the
industry that help us in planning that effort.

Information Handover

A facilities life cycle passes through a series of identifiable phases; planning and
programming, design, construction, project closeout and commissioning, opera-
tions and maintenance (O&M) and finally disposal. For alternative project
delivery methods, such as design-build (DB), construction management at risk
(CMAR) and integrated project delivery (IPD), these phases overlap, but the
information flow still remains horizontal and successive. In reality, the transfer of
information is such that its quantitative and qualitative value is dependent on the
previous phase and also has an effect on the next. By streamlining information
flow and communication between these aforementioned phases, life cycle costs
can be reduced and services to the owner can be improved (Guo et al. 2010). Thus,
managing the accuracy, appropriateness and quality of this information flow
becomes critical for the knowledge needed to make optimal decisions during
O&M. According to Lucas et al. (2012), the information needed for facility
management (FM) comes from two directions, “horizontally, across the lifecycle
and vertically, from within the concurrent operations”. In many cases, attributing
to the ad-hoc nature of the FM industry, a third source of information is often
from the memory of the facility technicians and engineers.

Typically the information handed over to owners is in the form of paper based
as-built 2D construction documents including drawings, specifications, equip-
ment lists and O&M manuals from various vendors. Since they are organized by
the constructors in a format to align with their needs, the information is
marginally useful for the facility manager (Goedert and Meadati 2008). Even
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when the information is available digitally, lack of interoperability of the software
platforms reduces the usefulness of the data. Rework and manual data entry is
usually required to update the FM systems, leading to duplication of efforts and
high chances of error. Unavailability of specific task-centric FM information, in a
format that is useful and at the time that it is needed, leads to uninformed
decisions, patchy solutions, lack of predictability, poor performance of building
systems and increased energy consumption. This ultimately affects the environ-
mental and financial health of the facility, the owner organization and the end
users.

With BIM as the deliverable, it becomes a central repository of information
collected throughout the projects life cycle and also blurs the lines between the
phases of the life cycle. Now, even though the handover remains successive, the
data added to the model is iterative. This increases the need for accuracy of
the data earlier in the lifecycle. The owner benefits by receiving a complete model
with a full range of project information (Goedert and Meadati 2008). However, for
an accurate building information model and its successful use for FM, rather than
waiting till project closeout to receive information, it is imperative that the owner
proactively specifies the information requirements at the front end of the life cycle,
so that the data is structured as per the FM’s needs. This calls for a revision of the
data handover standards, contracts and owners project requirements (OPR), as
discussed below.

NIST Study: General Building’s Information Handover Guide

After the 2004 NIST report about costs of inadequate interoperability (described
in the previous section), in 2007 NIST published a guide providing a framework
for the successful use of advanced technology and avoiding the pitfalls encoun-
tered in information handovers between phases. The guide outlines four steps for a
successful information handover emphasizing on an owner defined information
strategy (Fallon and Palmer 2007):

1. Information Strategy: A strategic information package developed in align-
ment with the organizations goals and data security policies.

2. Information Handover requirements: The definition of the form and format
of each information package considering the associated metadata.

3. Project Information Handover Plan: The authors of the information
packages.

4. Implementation: Technical implementation as well as establishment of
project procedures, contractual responsibilities and training programs.

National BIM Standard — United States — Version 2 (NBIM-US™V2)

The National BIM Standard (NBIMS) is an ongoing effort of the bSa. The NBIMS-
US™ project defines certain standards for efficiently accessing the information
needed to create and operate optimized facilities (NIBS 2012). Supporting and
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promoting the use of IFC as the data schema, encouraging transparency and
automating the information exchange process are some of the features of this
standard. The target audiences for this document are software developers, vendors
and industry implementers. There are three sections that form the framework for
the application of the standards:

1. Reference Standards includes model and dictionary standards, exchange
standards and data structure and identifier standards. They include:

- ISO16739 Industry Foundation Class (IFC)
- World Wide Web Extensible Markup Language (XML)

- OmniClass™ Tables 13(Spaces by Function), 21(Elements),
22(Work Results), 23(Products), 32(Services), 36(Information)

- International Framework for Dictionaries (IFD) Library based on ISO
120006-3: Framework for Object Oriented Data Exchange.

2. Information Exchange Standards include “documents that outline informa-
tion exchange standards through process modeling, information delivery
manuals, and their correlating model view definitions developed to guide
information exchange protocols” (NIBS 2012).

- Construction Operations Building information exchange (COBie)

- General Services Administration (GSA) defined BIM guides for infor-
mation exchanges relating to spatial program validation, building energy
analysis and quantity takeoff for cost estimating.

3. Practice documents for implementing BIM requirements include:
- Minimum BIM as defined by the Capability Maturity Model

- BIM Project Execution Planning Guide (developed by Pennsylvania
State Universities Computer Integrated Construction research
program)

— Mechanical, electrical, plumbing and fire protection systems’ spatial
coordination requirements for construction installation models and
deliverables

- Chapter 5: Planning, Executing and Managing Information Handovers
(updated in June 2011) from the 2007 NIST study titled General
Building’s Information Handover Guide (Fallon and Palmer, 2007).

Contract Documents

Traditional contract processes and legal language must be revised to incorporate
the BIM-FM deliverable. Several different thought processes, standards and
guidelines prescribe what needs to be included in the contract. The key is to
determine what information aligns best with the philosophies of the organization
and the facility to avoid wasting precious time, effort and capital. Answering some
key questions early in process may help develop a contract with a defined scope.
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These questions can also be inferred from the BIM Planning Guide for Facility
Owners described in the next section.

How will your facility implement the BIM-FM deliverable into the FM
process?

What is the cost for implementing BIM-FM and FM for your facility?
What is the purpose of the BIM-FM deliverable?

What is the level of detail within the BIM-FM deliverable?

What information should your facility track from the BIM-FM deliverable?

What asset data does your facility want to manage in the BIM-FM
deliverable?

Does your facility want to extract life cycle cost analysis from the model and
BIM-FM process?

Does your facility want to track trending history?

Does your facility want to own and control their BIM content for release to
the design team?

Does your facility want access to model numbers, warranty information and
O&M manuals from the BIM authoring tool or a FM tool?

Once these questions have been answered we can begin to define the scope

and set the expectations for a BIM-FM deliverable. When writing a contract
for a BIM project the following items will need to be clearly defined in the
contract:

The BIM-FM objectives should be defined as per contract language
Set BIM-FM standards for the deliverable in the contract

Define the architects, engineers, consultants and contractors obligations for
the BIM-FM deliverable in the contract

Determine who will be responsible for ownership of the BIM-FM deliverable

Clarify who will manage the BIM-FM deliverable from concept through
construction

Define the BIM-FM deliverable clearly in the contract

Determine the software package in which the BIM-FM deliverable will be
delivered

Define model sharing for collaboration among the design team

Define fee structure since BIM-FM deliverables require more design time
during the schematic design and design development stage.

The AIA E203-2012 (BIM protocol exhibit) document, offers some guidelines

to help with setting modeling guidelines and expected levels of model develop-
ment. This document also outlines responsibility and guidelines for the model
development during each phase of a project.
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Owners Project Requirements (OPR)

As defined in the ASHRAE-NIBS Guideline 0-2005: The Commissioning Process,
Owners Project Requirements (OPR), “forms the basis for evaluating all activities
and products during pre-design, design, construction, acceptance, and operational
decisions”, addressing function, form, economy and time (Enck 2009). According
to Enck (2009), the OPR details the high level functional requirements or end
goals of a project at the beginning, with an approach of blending operational and
user needs for optimal performance results and user satisfaction. It is in theory,
different from an architectural program, which is the designer’s definition of the
project addressing heuristic goals for facility needs.

BIM Planning Guide for Facility Owners Version 1.01

The team at the Computer Integrated Construction Research Program (CICR) at
Pennsylvania State University; the authors of the BIM Project Execution Planning
Guide, released the first version of the BIM Planning Guide for Facility Owners in
May 2012. This guide is based on the hypothesis that “through effective BIM
planning, owners can develop a clear business case to maximize the value of BIM
implementation for the lifecycle” (CICR 2012). It is recommended that owners
establish a clear strategic plan at the organizational level for BIM implementation,
by following three steps:

1. Assessment and evaluation of the organizations internal and external BIM
status

2. Aligning the organizations BIM objectives by identifying the desired level of
maturity

3. Advancing the BIM maturity by defining a process to transition its use into
organizational business practices

The guide lists some of the critical tasks as; data commissioning, perfor-
mance monitoring, systems control, space tracking, asset management, main-
tenance management, condition documentation and scenario forecasting (see
Figure 9-6).

GSA BIM Guide Series 08: GSA BIM Guide for Facility Management

The US General Services Administration (GSA) released their BIM Guide for
Facility Management as a part of their GSA BIM Guides with the primary
objective of using and maintaining facility data throughout the lifecycle. Their
goals were to have accurate as-builts during renovations, optimize O&M of
building systems to reduce energy usage and increase customer satisfaction.
These are definitely one of the more advanced guidelines for businesses processes
and technical requirements set forth by an owner (GSA 2011). The guide consists
of five sections:

1. BIM and FM: A central facility repository is envisioned that integrates FM
data from various sources; real-time sensor data, parametric information
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The Purpose of BIM Implementation
Strategy
Mission — Vision — Goals - Objectives
“ Generating — Processing — Communicating — Executing — Managing
The Means of BIM Implementation
Current — Target — Transition
Information
Model Element Breakdown — Level of Development — Facility Data

Personnel

The Specific Method of Implementing BIM

The Information Needed About the Facility

The Infrastructure Needs to Implement BIM

Software — Hardware — Workspace

The Effects of BIM on Personnel
Roles & Responsibilities — Hierarchy — Education — Training — Change Readi

Figure 9-6. BIM implementation by owners (CICR 2012).

from BIM, CMMS and CAFM data, laser scanning data in one place. The
software tools ‘sit on top’ to provide security, version control, notifications
on updates, analysis and reporting (See Figure 9-7). GSA has developed
three tiers of data requirements that are necessary to support the FM needs
for the wide range of facilities they manage (362 million square feet in 9624
buildings located in 50 states).

Tier 1: Accurate as-built geometry for equipments and spatial program
BIM - Mandated to address the significant benefits of an accurate 3D
geometric model to downstream users (Teicholz 2013).

Tier 2: Equipment inventory and O&M management - Used in larger
facilities to track equipments for assessing equipment conditions, energy
management, warranties, manpower calculations etc.

Tier 3: As-designed BIM with energy analysis - This is an optional
requirement and applicable if the as-designed BIM with energy analysis is
captured.

2. Implementation Guidance: This section provides guidance to the GSA project
teams by recommending a workflow, which includes the following steps:

Identify project requirements,

Define an implementation strategy,

Identify phase of the lifecycle and status of existing systems and data,
Identify impact of project delivery approach on implementation,

Develop a BIM execution plan with format requirements (GSA recom-
mends information exchange using the vendor neutral IFC format
supported by COBie),
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GSA's Business Need: Managing Facility Lifecycle Data
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Figure 9-7. BIM vision for facility lifecycle information (GSA 2011).

- Determine when and by whom information is created,

- AJ/E requirements - BIM and COBie deliverables,

- Contractor requirements,

- Monitoring compliance and submittals for quality assurance.

Modeling Requirements: This section specifies the minimum 3d modeling
requirements and information in a COBie format specified by GSA. The
recommendations include:

- High-level modeling requirements:
o Use of IFC compliant BIM authoring applications,
o Model containment hierarchy defined by the BIM authoring tool,
o An asset identification number in addition to a GUID.

- Design, construction and record BIMs: At the end of construction,
multiple building-system specific construction BIMs are produced.
GSA recommends certain modeling best practices that will be useful
for comparing at project checkpoints the progress on the constructed
building versus the virtual building. These recommendations
include:

o Specified list of required BIM objects and their properties,
o National equipment standard (under development),
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o Organization of the model by floors and systems,

o System of measure for new projects and renovations,

o Prior to submittal check for list of BIM objects and properties
specified by GSA, a record BIM for each floor saved in the native
format and as IFC’s,

© Maintaining and updating as-built BIMs: GSA has established internal
workflows to identify what information needs to be maintained in a
BIM versus an external database and how they must be updated to
present an accurate snapshot of the facility at any given time.

COBie Submittals: According to this document, not all attribute infor-
mation is necessary to be captured in a BIM. But the required informa-
tion must be transferred via COBie compliant files. GSA has prescribed
the use of COBie because it maximizes the chances of getting accurate
and relevant information since it is being created by its author. Project
teams are asked to mention in their BIM execution plans how they will
comply with the COBie requirements.

Technology Requirements:

Concept of a central repository of facility information,

Infrastructure to support technology and data,

Security of data,

Functionality at every phase,

Multi user updates, management of updates, multi user access and viewing
and vendor neutral options. These are also the current challenges,

Use of ‘model servers’ in future to mitigate the above mentioned challenges
and improve functionality.

Pilot projects: The pilot projects documented were in their early stages when
the Guide was published. The book ‘BIM for Facility Managers’, published in
May 2013 provides an updated review and status of the projects, summa-
rized here in Table 9-1. This feedback was received through a structured
interview and provides some useful first-hand experience about using BIM
and COBie for FM.

The responses validate the hypothesis that while technology is crucial, it is the

definition, accuracy and appropriateness of the information, which is the guiding
factor for a successful BIM-FM integration.

COMMISSIONING (Cx)

Building commissioning is defined as the process of documenting and verifying
that the project’s energy-related systems are planned, designed, installed, tested,
operated, and maintained to meet the Owners Project Requirements (OPR).
The BIM-Cx process acts as the bridge for transferring the gains of BIM in the
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Figure 9-8. Commissioning on mobile tablets (TME 2013, unpublished).

AEC industry to the FM industry. The BIM-Cx-FM process works to ensure
that the OPR and the design teams Basis of Design are updated throughout
the design process. Onsite field verification using BIM and commissioning
(Figure 9-8) principles complement the accrual of accurate data that is needed
for FM and energy conservation and generate tremendous savings over the life
cycle. Most commissioning projects apply the LEED-Cx standards. Ensuring
design and construction team’s awareness and compliance with indoor air quality
requirements, comfort assurance standards, energy measurement-verification
standards and controllability of systems standards helps accomplish the project
goals.

Coordinating the BIM-Cx-FM process establishes a communication
flow helping manage the project in an efficient manner. This communication
flow should be part of the BIM-FM database so that work is not duplicated. The
use of early and effective communication of the scheduling requirements for
commissioning activities is critical to project success. The approach is summarized
below:

1. The early development and review of the following detailed documents is
critical in communicating the BIM process for the project schedule require-
ments. Completing this effort early, along with conducting an early commis-
sioning kickoff meeting, helps integrate commissioning into the overall
BIM-FM project delivery. These include:
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- Detailed commissioning specifications that outline the roles and respon-
sibilities of each team member,

- Detailed testing and balancing specifications that outline the role of the
contractor in the commissioning process,

- Detailed commissioning plan to enhance the team member assignments.

- Commissioning issue logs are published throughout the project to track
the level of completion of all commissioning activities. The issue logs
serve as an on-going reminder of all outstanding commissioning items
that need to be completed and the dates by which they need to be
completed.

The commissioning agent must ensure that commissioning activities do not
impact the critical path of the project.

The commissioning agent should use the BIM-FM process to frequently
attend project meetings in an effort to communicate commissioning sched-
uling activities, outstanding commissioning issues, and to develop team
dynamics.

Certain commissioning activities are completed post-occupancy. The mind-
set that all commissioning activities have to be completed prior to owner
occupancy, can be avoided through proper communication.

The best practices published by National Environmental Balancing Bureau

(NEBB) include detailed requirements for on-site commissioning:

On-site commissioning team: The level of involvement during construction
and familiarity with building equipment, systems and BIM deliverable,
provides the team with the best opportunity to obtain owner buy-in regarding
facility operations, contractor buy-in regarding commissioning value and
design team buy-in regarding appropriate application of design concepts.

Detailed documentation focusing on life cycle management: The BIM-FM
commissioning process should set the tone for project documentation by
documenting all meeting notes, project observation reports, testing results,
review comments, issue logs, schedule requirements, action items, etc.
Further, the commissioning agent must work ensure proper documentation
of owner training, operations and maintenance manuals, and as-built BIM
deliverable data.

Transparency: The BIM-FM commissioning process achieves transparency by
immediately reviewing the work that has been completed to date, providing
the commissioning work products in a timely manner.

The Commissioning Plan: Only after an initial review of design
documents and the BIM deliverable, development of the detailed project-
commissioning plan must be initiated. The plan developed will include
significant details on the commissioning process, specific commissioning
project assignments, sample pre-functional checklists for review, sample
functional performance testing procedures for review, typical project
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observation reports, typical issues logs, typical meeting notes, as well as a
detailed list of activities to be performed by all commissioning team members
beyond building occupancy.

o Meetings: Upon selection, the commissioning agent should immediately
schedule a meeting with the owner, design team, and contractors to review
activities included in the current design documents. These meetings will also
focus on any potential issues that could have an impact on the BIM-FM
commissioning process.

The BIM-FM commissioning process should key on achieving transparency
and focus on team building with all project team members. Team building success
is predicated on trust and common vision. The relationship between BIM-FM
commissioning process and the construction process should be focused on the
accrual of accurate data so that the owner can begin maintaining a building before
it is occupied.

IMPLEMENTATION OF ADVANCED TECHNOLOGIES WITH BIM

BIM is an evolving technology. While BIM provides the data repository, a broader
integration of technology supports field applications of FM functions. This section
will describe some of the applications of emerging technologies for FM using BIM
as the information backbone.

Cloud Hosting and Computing

Cloud-Computing is a solution for binding all heterogeneous applications through
a central repository platform. In computer science it refers to any distributed
computing over a network. It essentially works as a virtual server with the
hardware and software hosted at a remote datacenter. Other than providing an
enormous amount of space for storing data, a shared platform also reduces the
investment in infrastructure that would have normally accrued in response to the
fast changing technology and the increasing use of multiple applications. Privacy
and security of data are concerns with the cloud that are being actively researched
by various organizations in computer science. From a BIM perspective, the cloud
platform lets the non-programmer easily access and exchange information using a
BIM authoring tool (Redmond et al. 2012).

FM Dashboards

FM-Dashboards are decision making tools that provide a consolidated view of all
the information regarding a facilities current condition in a single location (see
Figure 9-9). It can display real-time updates about the health of the facility by
reading sensor information from the BAS and EMS systems. Depending on the
complexity of the database that it feeds into, varied information including
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Figure 9-9. Information feeding in to a FM Dashboard.

performance data, historical data and operating parameters can be displayed.
Dashboards simplify the operations of complex systems by keeping the program-
ming at the back end. What is seen is the data. It is an effective tool for
communicating the facilities condition to staff and upper management. It also
improves the productivity of maintenance staff by giving them access to complete
and continuous information, aiding in the process of decision-making. Some
dashboards are also programmed to provide maintenance staff with suggested
modifications based on historical trends and decision support.

RFID Technologies

Radio Frequency Identification (RFID) is a “wireless non-contact sensor
technology based on detection of electromagnetic signals” (Domdouzis et al.
2007). The system consists of three parts; antenna for transmitting signals, a
transceiver for data acquisition and a transponder or a tag. The antenna
produces radio signals to establish communication between the transceiver
(scanning device) and transponder (tagged object). The antenna is packaged
with the transceiver and together they can be attached to a mobile device. The
transponder must be attached to the equipment or material. The user is able to
access information about the tagged object from a database via the internet in
real time (see Figure 9-10) (Ko 2009). RFID tags can be Read-Only i.e. no data
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Figure 9-10. System application architecture (Ko 2009).

storage capability or Read/Write i.e. data storage capacity from 256KB to 3MB.
The difference between RFID and Bar Codes, apart from their size, is that “RFID
can dynamically transmit and receive information to help identify objects
without line-of-sight whereas for a bar-code, labels must be positioned so that
they can be detected and identified by a laser scanner” (Ko 2009). Hence, RFID
tags tend to be more rugged, reusable and can be read dynamically from larger
distances.

Most apparent use of this technology is for asset tracking; hidden or
otherwise. BIM data can be accessed and displayed on a mobile hand held device
automatically when the person with the transceiver is in range. The benefits of this
technology for maintenance are far reaching, because of its high utility value. Some
of it advantages include (Ko 2009):

o Operational time is saved as the automatic identification of equipment ID
eliminates human error,

» Non-contact and non-line-of-sight RFID technology enhances maintenance
convenience behind walls, ceilings, floors and objects,

« RFID technology cooperates extensively with other information technologies.

Hyperlinking Information

The importance of the T’ in BIM has been repeatedly stressed upon. Easy access
to information is the essence of a successful BIM-FM integration. Data rich
parametric 3d models often lead to large file sizes and have either too much, too
less or irrelevant information for a technicians daily use. Moreover, pertinent
information such as equipment cut-sheets, previous work orders, submittals,
warranty information etc. may not be included as an attribute in the original
handover model and in some cases the required information may not even exist
at the time of handover. Also, for a technician to access a model in a BIM
authoring environment requires proper training to use the program and a
sophisticated hardware system to support its use. Such a workflow is not only
time consuming but unnecessary, as the objective is not to edit the file but to
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access the information embedded in it within the context of the 3d visual
capabilities of the model.

The popular method is the use of location based FM documents in PDF
format hyperlinked from a facility information database to a lighter version of the
3D model. This is generally capable of being viewed on a hand held device such as
an iPad®. Converting the parametric model to a surface geometry for easy viewing
reduces the file sizes. The embedded metadata is nevertheless preserved and is
available to view when the object is selected. Web browsers and PDF documents
can also be linked to the geometry of the model. Combined with interior GPS and
RFID tags, the model can be opened in its exact location and subsequently provide
the additional functions of link to ancillary maintenance information. Such
solutions are popular for providing field access to valuable enterprise information;
work order data, training videos, and parts information. They also include
enhanced features that support annotation and markup features and RFI and
task creation (Sabol 2013).

Augmented Reality

Augmented Reality (AR) is a technology that creates an enhanced environment by
superimposing computer-generated information onto the users real-life view.
Several AR apps are available to download for most Android and iOS devices.
Some of the AR apps include; Yelp Monocole, which superimposes customer
ratings over a live view of the establishments; Wikitude World Browser pulls up a
Wikipedia entry for a building on a smartphone when the phone camera is aimed
at it; Google SkyMap uses GPS and compass data to display names of celestial
bodies just by pointing the phone to the sky. These are very few amongst the many
applications of AR in education, gaming, social networking, design, manufactur-
ing and entertainment (Chi et al. 2013). More recently ubiquitous computing has
been further exemplified with Google’s Project Glass that utilizes an AR Head
Mounted Display (HMD) to create an immersive environment layering informa-
tion from a smartphone on the user’s field of vision. Integration with location-
based technologies like RFID, GPS and sensors enables AR technology to be
localized and ‘context-aware’ substantiating their use in the field for construction
and maintenance (Chi et al. 2013).

According to Lee and Akin (2011) AR technology promises to be one of the
most suitable interfaces for O&M, as it is able to resolve the challenges posed in
interpreting 2D drawings by superimposing the 3D geometry and information on
real life objects. This reduces the time taken by the user in locating and identifying
an object such as a piece of equipment and also provides access to information
from a database, while in the field. To reduce inefficiencies in the detection and
diagnosis of problems in the field, Lee and Akin conducted a research that makes
use of an AR-based Fieldwork Facilitator. They found that it took the same
personnel 51% less time when locating information using their AR prototype than
the conventional process.
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CHALLENGES

The potential value of BIM has grown significantly in the last 40 years with 71% of
the AEC industry adopting some form of BIM, a growth from 28% in 2007 and
49% in 2009. According to the 2012 SmartMarket Report by Mcgraw-Hill, 47% of
contractors using BIM saw a moderately positive (up to 25%) Return on
Investment (McGraw-Hill 2012). They experienced added value through reduced
rework, marketing new business and maintaining them, early detection of
coordination errors and reduced project duration. It was also theorized that the
adoption rate of BIM would increase further and faster if owners demand it. For
an owner, the challenge is in bringing together the pieces of a fragmented industry
and convincingly investing in a technology with a future benefit over established
and tested traditional processes. While contractors have evidenced a reciprocal
benefit of BIM use with its rapid adoption in the AEC community, the FM
industry has yet to experience any significant benefits. BIM-FM integration has
been marred by the absence of validation aligning with organizational objectives,
fear for change and a slow adaptation to technology and interoperability issues
characteristic of the fragmented industry. This section discusses the challenges
faced under the three broad categories of — Organizational Goals, People and
Technology.

Organizational Goals

Organization level goals, philosophies and practices are deciding factors that
influence the workflows and styles of management within the departments.
Adapting BIM to the existing work methods requires investment in software,
hardware, new talent and training. Even after this initial expense, there is a steep
learning curve for those comfortable using their traditional methods. The suc-
cessful integration of BIM-FM is a lot dependent on proving its value to the
organization and its subsequent adoption in the culture of the workplace.

ROI for BIM-FM

There are not enough metrics to support a definite calculation of the Return on
Investment in BIM-FM integration. However, some conservative estimates can be
made based on the identified benefits. In the book ‘BIM for Facility Managers’, it is
estimated that the ROI in BIM-FM integration for a 400,000 SF Office building
with useful life of 25 years is 64% with a payback period of 1.56 years (Teicholz
2013). This is based on rough calculations with data obtained from a 2009 [FMA
Survey of maintenance data. Some of the assumptions made in the calculations
are:

o Calculations are for a new construction with FM data captured during design
and construction,

o 1 FTE will spend 25% of time to maintain and update the integrated
system,
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o Initial investment to create an integrated system including systems invest-
ment, data collection and verification will be roughly $100,000,

o Better access to accurate information will save 30 minutes per work order,
(A separate research by Sandia National Labs estimates 2 hours saved per
work order when information is easily accessible)

o Improved maintenance and performance of equipment will reduce energy
costs by at least 3%.

For existing facilities, the calculations to estimate the ROI will change
significantly. It will have to include initial costs for surveying, as-built modeling,
updated changes to the model, legacy data integration and installation of RFID
tags. In that case, the critical variables would be the current condition of the
existing facility and its relative age compared to the total lifecycle.

Culture of the Workplace

According to Bryson and Yetmen (2010), “construction is the only trillion-dollar
industry in the history of the world in which clients routinely demand the most
inefficient processes creating the least value”. The fragmented culture of the AEC
industry is well known. The situation is exaggerated in the FM domain because of
the wide array of functions involving professionals and trades from many different
specialty fields. Hence, FM professionals are usually a diverse group, coming from
different industries with various levels of education and cutting across all levels of
management (IFMA 2013). To bring efficiency in this diversity requires a
leadership structure, led by the owner that can create an environment for
collaboration, innovation and knowledge building (Bryson and Yetmen 2010).
The BIM process poses a different challenge of retraining existing skills and
cultures to think outside of their own specialty field and consider the actions and
functions of other fields as well. A culture of collaboration is essential for the
successful adaptation of BIM.

People

The changing technology requires people to be well versed with computers along
with possessing a good knowledge of building systems, equipment’s and business
processes. Some computer applications have a steep learning curve, which can be
daunting for those who are not proficient with computers. Regular workforce
training thus becomes necessary for every organization. To keep up with this flux,
academic institutions are now starting to provide dedicated degree programs in
FM and related fields to train the future workforce.

Technology

Interoperability and a central information system; are the two pertinent techno-
logical requirements and also the biggest challenges at the moment. The reason for
using BIM as a vehicle is to support “synchronization of information across
applications to speed up workflows and enable decision support” (Redmond et al.
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2012). The BIM to IFC conversion has allowed interoperability across many
commercially used authoring tools, but the workflow is still not defined. The
traditional BIM workflow requires information to be exported from one applica-
tion and imported into another application, adding redundancy to the data. The
envisioned solution is in the form of a Service Oriented Architecture, which
enables data to remain in one application, and allowed access by another
application allowing model views to be shared in small data chunks (Onuma
2010). A few other areas that require attention are:

Legacy Systems

As of 2010, US had a total building stock of approximately 275 billion square feet,
with statistics showing an addition of 5 billion square feet per year of new
construction and an equal amount of renovations per year. Renovations pose a
challenge for BIM integration as it is often found that current condition is far from
the as-built since the drawings were never updated during that time. Equipments
are replaced, entire wings are renovated but the information is not updated. Such
situations are seen even more in facilities transitioning from paper to digital. Laser
Scanning is required in such cases to identify current conditions and to update
drawings. While modeling is achievable, the integration of facility information is a
painstaking manual task as most legacy systems are not compatible with new
systems.

Bi-directional Flow of Information

Facility Managers not only require access to information, they also need to update
the information. Web based FM servers provide easy access to a light version of
the model allowing technicians to find their way around the 3D geometry with
ease. They also allow updating the information to the database. However,
technology at present does not support parametrically updating the geometry in
the model without routing through the original authoring tool.

CONCLUSION

“There is no universal approach to managing facilities. Each organization even
within the same sector will have different needs. Understanding those needs is the
key to effective facilities management measured in terms of providing best value”
(Atkin 2009).

The day-to-day management of the facility, including the operations and
maintenance, are guided in part by the philosophies of the owner organization
and by the contextual relationship of its physical setting. The job of the Facility
Management team is to operate the building for its lifecycle, making sure it is
performing to its designed intent, saving energy and creating value for the
owner. Over the lifecycle of the project, a variety of facility information is
created and developed. Even after occupancy, information is continually
updated and new information is created that affects future developments. To
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do their jobs effectively, the FM team requires easy access to up to date and
accurate facility information for making informed decisions. Thus, information
which is accumulated and transformed through the projects lifecycle, from
design through construction; whether physical, computational, social or cogni-
tive; are important factors affecting the decisions made during operation,
maintenance and management of a facility. The pre-occupancy facility data
is compounded with the information created during occupancy, creating a vast
body of knowledge. This when used to its advantage can provide valuable
information to the FM team, contributing to their overall performance while
providing cost savings.

As shown in this chapter, a Building Information Model serves as a robust
database for facility information, which when used in conjunction with advanced
technologies provides a promising platform for FM. BIM has the potential of
significantly impacting the owners ROI by simulating activities during the design
and construction phases; predicting operations, reducing risk and providing the
ability for financial forecasting (McGraw-Hill 2012). Being a relatively new field,
there are several unanswered questions, hurdles and unexplored avenues in the
BIM-FM domain. The primary objective of this chapter was to familiarize
the reader with the established standards and current technologies being used
in the industry. A few other research areas to add to the current body of knowledge
are outlined here:

o BIM Execution Plans for facilities management, maintenance and operations
o Incorporating legacy data into the future BIM-FM system

« Revised contractual requirements and delivery processes, specifically the legal
aspects of BIM-FM

« Remotely controlling building systems or Virtual FM

o Bi-directional flow of information including parametrically updating the
geometric data in BIM with changes reflected in FM or the Living BIM

o Increased interoperability between BIM authoring tools and FM systems

o The vision for a self-repairing self-maintaining intelligent building
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CHAPTER 10

BIM Use and Requirements

Among Building Owners
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Abstract: The belief that Building Information Modeling (BIM) results in fewer
conflicts and improved coordination has led many owners to mandate its utilization
on new construction projects. However, owners are often unsure of what BIM
deliverables and processes to demand and how proficient the entities they choose to
contract with are in using such technologies. Furthermore, though owners are
working to operationalize BIM for Facilities Management (FM) to obtain the full
life cycle benefits, they may still lack the technical resources and core competencies to
utilize models post-construction.

The state of BIM deployment and execution among building owner organiza-
tions within the US is in its infancy. Using a survey consisting of primarily higher
education building owners conducted at the end of 2012, this study looks at the state
of BIM execution among facility owners. It aims to determine what requirements
are being set forth for BIM deliverables and how those deliverables are being used
post-construction for Operations and Maintenance (O&M) in the current market.

INTRODUCTION

Motivated by the perception that Building Information Modeling (BIM) may
result in more successful project outcomes, many facility owners are now
requiring that BIM be utilized on their construction projects. However, utilizing
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BIM post-construction has posed many challenges which include a lack of
understanding of the potential benefits as well as how to balance multiple
resources, options and stakeholders in BIM planning efforts. BIM implementation
by owners appears to be in its early stages. However, similar to users in the design
and construction areas, it may take some time for owners to fully explore the
operational changes and improvements needed to encourage the life-cycle use of
models. Furthermore, benchmarking with other owners has been proven to be
problematic, as these organizations are diverse in terms of size, support and
operational functions. Hence, the purpose of this research is to determine the
obstacles to owners operationalizing building information models and their
attribute data post-construction.

BACKGROUND

BIM Adoption by Building Owners

The publication of several industry surveys since 2005 (FMI Corporation 2007;
McGraw-Hill Construction 2008, 2009, and 2012; Forns-Samso 2010; Becerik-
Gerber et al. 2012; I’SL et al. 2013) have indicated that the adoption of BIM by
building owner organizations is gaining momentum. In a Smart Market survey
conducted by McGraw-Hill Construction (2012), 30% of owners surveyed
indicated that they were using BIM on more than 60% of their projects. It
was also predicted that by 2014 the proportion of BIM use by owners would
increase by 14%. The term “use” however should be delineated by phase when
attempting to categorize it. More than 50% of those owners surveyed indicated
their BIM expertise level to be that of beginners; viewing their role to be
consumers of end products of BIM processes rather than users (McGraw-Hill
Construction 2012).

These results reinforce earlier survey findings. For example, in the 2009 Smart
Market Survey, when asked which phases of a project’s life reaped the greatest
value from utilizing BIM, industry respondents indicated closeout/commissioning
and Operations and Maintenance (O&M) to be of the least value; suggesting that
owners had yet to realize the potential benefits of using models post-construction
at that time (McGraw-Hill Construction 2009).

Forns-Samso (2010) studied the perceived value of using BIM in O&M by FM
personnel through a national survey as well. Using the Chi-Square test for
independence, he found a significant relationship between whether BIM was
being used by owner organizations for design and construction and the respon-
dents’ predicted future use of BIM for O&M (p=0.013 < a«=0.05). There was
also an association found between the size of facilities being managed and whether
BIM was being utilized (p=0.029 < a=0.05).

Also in 2010, Becerik-Gerber et al. (2012) conducted an online survey of
facility owners and managers to determine the extent of BIM implementation
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within Facilities Management (FM). At that time, the highest response rates were
from educational institutions and government agencies representing 53% and 13%
of their sample respectively. Thirty-two percent of the 77 respondents indicated
that their organizations used BIM. When asked in which project phases BIM was
used, 83% indicated using it for design, 79% indicated using it for construction and
42% were implementing BIM in the O&M stage (Becerik-Gerber et al. 2012).

Finally, in 2012, the International Institute for Sustainable Laboratories
(I*SL), the building Smart Alliance (bSa), and the International Facility Manage-
ment Association (IFMA) Research and Development Council (2013) piloted a
national survey on BIM for FM as well. In this survey, the highest response rates
were from architects, representing 35% (63) of the respondents. Owners and
facility managers followed with 29 and 28 respondents respectively. Similar to the
Becerik-Gerber et al. (2012) and the McGraw Hill Construction (2012) findings,
34.8% (56) of the respondents indicated that they were using BIM on all new
projects. In that study, 13.3% (18) of the respondents indicated that their
organizations used BIM for FM. Additionally, 69.9% (94) of the respondents felt
the further pursuit of BIM use in O&M and FM to be of value.

Although there has been increased BIM adoption by building owners, the
utilization of models during O&M is falling behind design and construction
applications; despite the fact that there may be more to gain from the outcome
(Akcamete et al. 2010). More specifically, in the university facility segment of
owners, the adoption of BIM is currently dependent upon efforts to understand
not only the software applications, but also the contract and what to outline in
terms of deliverables. A portion of the difficulties experienced by owners is a
qualitative issue, requiring a cultural change to make an effective improvement in
the way that industry has been providing deliverables. This change requires a
combination of technology and strategy. Although owners understand that they
are driving this request, many lack expertise and knowledge of BIM applications
and must rely somewhat on consulting partners (Reilly 2010). Consultants may
help where technology expertise is required, but the strategic planning must be a
contribution of the owner since owners have their own specific needs.

Potential Benefits of BIM to Owners

The top rated benefits of utilizing BIM as expressed by the building owners
surveyed in the 2012 Smart Market report included a reduction in document
errors and omissions, reduced rework, reduced construction cost, reduced con-
struction duration and fewer claims and litigation. Additionally, owners surveyed
also indicated that more clearly defined BIM deliverables between partners, was
the single most important factor contributing to the increase in the benefits
derived from BIM (McGraw-Hill Construction 2012). However, relatively few
owners are engaged in BIM use during operations at high levels, specifically for the
purposes of FM (Becerick and Rice 2010; McGraw-Hill Construction 2012).
Table 10-1 shows the proportion of owners who responded to frequently using
BIM for O&M and FM processes as indicated by the 2012 Smart Market Survey.
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Table 10-1. Percentage of owners using BIM for FM processes (n=36) [Adapted
from McGraw-Hill Construction 2012]

M Use Percentage of Owners
Building System Operating Analysis 32%
Maintenance Scheduling 24%
Asset Management 24%
Space Management and Tracking 24%
Building Performance Against Specified Design 18%

These results were based on a sample of 36 owners (6.2% of all responses) who
completed the survey.

Several researchers have explored the specific applications of BIM for FM.
Kreider (2012) outlined a categorical view of 25 specific BIM uses and then
conducted a survey to identify the frequency of use and perceived level of benefit.
A low response rate was received from owners (4% from the sample of those
downloading the BIM Project Execution Planning Guide); thus, possibly represent-
ing the segment of users just beginning the BIM process (CIC Research Program
2009). As an indication of the possibilities for BIM in FM, Kreider (2012), Autodesk
(2012), FM: Systems (2012) and Becerik-Gerber et al. (2012) have listed possible
uses for the technology and information, as summarized in Table 10-2. The
consistent uses include record modelling, space management, asset management,
preventative maintenance scheduling, and energy management.

Owners will potentially benefit the most from using BIM out of all stake-
holders through the use of the facility model and its embedded knowledge of the
facility’s life cycle (GSA 2006). Often, the same information is viewed at the time
of specification, purchase, installation, and lastly when creating a handover file.

The digital collection of important information throughout the process has
already shown potential savings and has become much easier as project delivery
has migrated from hard bid to a more collaborative process. Newer delivery
methods are allowing for the information to be captured and documented in
the model. This reduces the redundant manual data entry effort required after the
handover process for facilities personnel, especially since it allows for the
automatic creation of equipment inventory lists which can populate the owner’s
computerized maintenance management system (CMMS). The reduction in effort
is extremely beneficial at handover in reducing the requirement for manual entry
of the documentation into another platform for facilities use (GSA 2011).

The Construction Operations Building information exchange (COBie)
protocol, specified as part of the National BIM Standard, was created to facilitate
electronic data transfer from BIM to FM systems in order to discourage
the continued use of paper-based information at construction handover. The
standard allows almost all BIM authoring tools to export data in an open
standard format (IFC) to FM systems platforms. From 2008-2011, the COBie
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Table 10-2. Research comparison of post-construction use of BIM

Autodesk Education FM: Systems Becerik-Gerber
Kreider (2012) Community (2012) (2012) et al. (2012)*
Asset Asset Creating
Management  Management Digital Assets
Space Space Improved Space Space
Management = Management & Management Management
& Tracking Tracking
Building Preventative Streamlined
Maintenance Maintenance Maintenance
Scheduling Scheduling
Disaster Disaster Emergency
Planning Planning & Management
Response
Monitoring Controlling &
Energy Use Monitoring
Energy
Record Building Systems  Economical Real-time Data
Modeling Analysis Retrofits & Access
Renovations
Lifecycle Checking
Management Maintainability
Personal
training and

development
Locating Building
Components

*Uses listed for design and construction have been removed in this table

Challenge event established benchmarks for software vendors to test the COBie
importing capabilities of a variety of BIM authoring and CMMS software
packages. Although there are still improvements to be made with commercial
software packages, COBie has been incorporated into more than 20 different
products (East 2013). The capability to utilize the COBie standard (and in
multiple formats) gives owners a specific first step to operationalize the attribute
information collected in the design and construction phases, especially if
importing directly to a computer-aided facility management system (CAFM).
Though the benefits have been well publicized, industry has been slow to adopt
COBie. In fact, I’SL et al. (2013) indicated that just over half of their survey
respondents had even heard about COBie in 2012. This may also help explain the
response that 65 (61%) of the 106 respondents indicated that they do not plan to
require COBie on their projects.
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The model also provides an improved means of space asset management and
equipment maintenance to owners and FM personnel post construction. This is a
significant improvement since space designations establish the platform for all
information in energy management and CMMS systems. For space managers,
BIM provides increased precision in terms of existing condition information. Now
room designations and net assignable square footages (areas of a room assigned to
an occupant or specific use) are automatically calculated in BIM authoring tools as
opposed to the need in AutoCAD to create manual polylines for each space (GSA
2011). Sixty-one owners (43%) surveyed by I’SL et al. (2013) indicated using the
model to extract area data for space management; signifying a promising use for
BIM by space managers.

BIM Resource Trends Among Building Owners

To ensure that BIM deliverables are useful to facility managers post-construction,
a number of owners have begun dictating specific requirements for BIM imple-
mentation. Many government agencies as well as private owners have developed
BIM requirement guidelines, contractual addendums and standards to improve
the quality of information handover.

Perhaps the most noteworthy has been the work of the General Services
Administration (GSA). In 2003, the GSA’s Public Building Services (PBS) office of
chief architect established its “National 3D-4D BIM program”, setting a goal to
require BIM on all new projects undertaken in the 2006 fiscal year as a means for
improving design and construction quality and delivery (Hagan et al. 2009). What
followed in later years was the publication of eight BIM Guide Series covering a
vast array of topics specific to GSA’s detailed requirements on BIM-assisted
projects (Yee et al. 2010).

Similarly, in 2006, the Army Corps of Engineers (USACE) Engineer Research
and Development Center (ERDC) published its own BIM roadmap outlining BIM
implementation strategies for military construction and civil works projects with a
primary goal to reduce project delivery time and costs and improve overall project
quality (Brucker et al. 2006). The program was presented in a phased approach,
designed to allow the strategic plan to be revised incrementally with time. The
USACE later released its Minimum Modeling Matrix (M3) in September of 2012
to supplement these guidelines and outline the level of development required of
models delivered on MILCON projects (McGraw-Hill Construction 2012).

The department of Veterans Affairs followed suite, publishing its VA BIM
Guide in April of 2010. The guide includes 45 pages of the organization’s life-cycle
vision, implementation strategies, roles and responsibilities of different stake-
holders, model sharing practices and requirements for using BIM as well as an in
depth set of standards for model applications and paper deliverables (Department
of Veterans Affairs 2010). Concurrently, the U.S. Air Force also began mandating
BIM in 2009 with a requirement for BIM based designs on all future vertical
construction projects. In 2011, they issued “Attachment F” which outlines the BIM
requirements for Design-Build and Design-Bid-Build projects. Not only does the
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document require that designs be produced in an IFC compatible BIM-authoring
platform, but also that an execution/implementation plan be utilized which
addresses BIM management procedures and how facility data will be captured
in the as-built model (NIBS 2013).

In June of 2008, the AGC and ConsensusDOCS consortium drafted the
Consensus Docs 301: BIM addendum to help aid in contract language and legal
ramifications that may result from sharing the model between different stake-
holders and the liability related to the model’s completeness or accuracy. Shortly
after, the AIA released its own E202 BIM Protocols exhibit to be used with design
or construction contracts in which BIM is employed. One major difference
between the two contractual addendums is that the AIA E202 references an
extensive model element table which defines the level of development required for
each modeling object; whereas, CD301 references an external BIM execution plan
allowing project members to customize their contractual requirements to their
own specific level of depth (Haynes 2009).

Amidst the increased publication of these master BIM guides, standards and
contracts by larger building owner organizations, there have also been two major
emerging trends. One has been the increased requirement for the informed use of
a project-specific BIM execution plan (BEP) as referenced in CD301. The other has
been the supplemental distribution of model progression specifications designed
to establish the level of development (LOD) and responsible modeling party
required for each object in the model during each life cycle phase of the building
project. While some organizations have defined their own requirements for level
of development, most BEPs reference definitions for LOD 100-500 from what is
established in ATA FE202, as shown in Table 10-3.

The AGC BIMForum (2013) released a proposed set of standards establishing
a level of model completion for model elements at different stages during design
and construction. The Level of Development Specification’s intent is to outline
specific expectations of the model from different disciplines. Thus, the ambiguity
of the AIA’s broad definitions may soon be alleviated (McGraw-Hill Construction
2012).

Also on the forefront of developing these BIM execution plans have been
many higher education institutions. Indiana University published an organiza-
tional BIM Guidelines and Standards document in 2009 which was supplemented
by three project-specific templates including an execution plan, an IPD method-
ology plan and a BIM proficiency matrix (Indiana University 2009). Shortly after
IU issued these documents, Pennsylvania State University’s Computer Integrated
Construction (CIC) Research Program published its Project Execution Planning
Guide in October of 2009. The guide outlines procedures for developing a detailed
BIM execution plan to be customized by any project team wishing to implement
BIM. It was the first of several references published in 2009 to synthesize the
different categories of information suggested to be integrated in a BEP (CIC
Research Group 2009). The BIM Project Execution Planning template and guide
were so well received that they were formally included in chapter five of the
NBIMs v2 publication in 2012. The documents have since been an adopted
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Table 10-3. Model LOD descriptions [Adapted from CIC Research Program 2012]

Level of Development Description
LOD 100: Schematic Overall building massing indicative of area,
Design height, volume, location, and orientation may

be modeled in three dimensions or
represented by other data.

LOD 200: Design Model elements are modeled, as generalized

Development systems or assemblies with approximate
quantities, size, shape, location, and
orientation. Non-geometric information may
also be attached to Model elements.

LOD 300: Construction Model elements are modeled as specific

Documentation assemblies accurate in terms of quantity, size
shape, location, and orientation. Non-
geometric information may also be attached
to model elements.

LOD 400: Construction Model elements are modeled as specific
assemblies that are accurate in terms of size,
shape, location, quantity, and orientation with
complete fabrication, assembly, and detailed
information. Non-geometric information may
be attached to model elements.

LOD 500: Record Model elements are modeled as constructed
assemblies actual and accurate in terms of
size, shape, location, quantity, and orientation.
Non-geometric information may also be
attached to modeled elements.

requirement of owners like the USACE, the US Air Force, Penn States’ own
Physical Plant office and the Division of Capital Asset Management Common-
wealth of Massachusetts (NIBS 2012).

The CIC Research Program also published a BIM planning guide specific to
facility owners in 2012 with the intent to facilitate a standardized approach for the
planning and execution of BIM by construction clients. The document outlines
procedures for developing: an organizational strategic plan, an organizational BIM
execution plan, and project procurement language which may determine and
change traditional contracts (CIC Research Program 2012).

Perceived Difficulties for Operationalizing BIM by Owners

Despite the aforementioned and increased adoption, there are still many obstacles to
owners operationalizing BIM. Most commonly, they may fall into one of the
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common pitfalls outlined by Cotts et al. (2010), which includes the failure to define
the needed documentation or deliverables required at handover. The failure in
defining deliverables partly stems from obstacles of multiple stakeholders (thus
multiple needs) and numerous options from the recommendations from guides and
templates. According to the International Facility Management Association
(IFMA), Facility Management is “a profession that encompasses multiple disciplines
to ensure functionality of the built environment by integrating people, places,
processes and technology” (Cotts et al. 2010, p.4). Therefore, the building owner
cannot be defined as one person within the organization. When the term building
owner is used, unfortunately, the tendency is to associate the term with one segment
of the profession; however, the reality is that the owner can consist of a multitude of
individuals, all of whom have a specialized interest in specific job duties as well as
different needs from the information provided at handover. At minimum, owner
organizations often encompass both the team of individuals acting as owners’
representatives and project managers during project delivery on new facility projects
and the many individuals acting as operators or facility managers for existing
facilities. In many organizations, these two roles may be completely segregated in
nature, which complicates the required collaboration to define deliverables.

The handover process has always been difficult for owners, in terms of the
distribution of information. The transition from hard copies to electronic version
was a marked improvement; however, the owner is still left with a substantial
amount of information to be distributed to multiple stakeholders within their
organization. Standardization is beginning to occur through the execution of
COBie and IFC; however, owners continue to maintain information in many
different formats including CAD, MS Word, MS Excel, PDF and additionally in
GIS and BIM. This illustrates the struggles that they experience when beginning to
utilize a new application, because integration and interoperability must flow from
the files received to the format of those that need the information. Although the
use of BIM as a repository for information is possible, owners are still in transition
and continue to struggle with numerous file formats.

To operationalize BIM, the transfer of information from BIM to CMMS offers
an advantage in the fact that the information needed by the owner, in many cases,
can be provided in a non-graphical format which eliminates the need for the owner
to immediately become proficient in BIM tools and obtain its useful benefits. For
example, a spreadsheet identifying the building and room number of a pump to be
maintained does not necessarily need to be in graphic format (East 2009). Owners,
with just the need to define space continue to utilize additional steps through third
party tools to enable all of the stakeholders to have access to the space files. The
transfer of information to CMMS systems creates a challenge as well. There are
many different FM applications so it is difficult for owners to benchmark with other
organizations. Ahamed et al. (2010) identified 15 different FM/CMMS software
applications. Not only is this problematic for user groups who wish to discuss
solutions, data import is not yet a seamless effort. The US Army Corps of Engineers,
in 2008, developed a 44 page document on the transfer of COBie data into Maximo
(Nisbet 2008). The abilities to transfer information are improving; however, unlike
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the GSA, many owners are at the point of beginning to request models as part of
their contract and have not yet identified a trained staff member within their
organization to champion this fundamental change in data transfer.

The intent for most implementation plans includes the collection of infor-
mation in a central repository, the model. Most stakeholders see the model as a
“container” and transporter for information. BIM users have adopted the theory of
a “central core model” and ideally, this model will be utilized for facilities
throughout the life cycle. Several authors, including Becerik-Gerber et al.
(2012), discuss the development of a “functional” model for the operations stage.
Unlike the design and construction phases, the O&M phase has a need to delineate
between the geometric and non-geometric information stored in the model for the
purpose of distribution to facility stakeholders.

Handover begins the “unpacking” process for distribution of the information
contained in the model. One example of the types of information distributed is
space information, which is at the core of managing the facility. Owners rely
heavily on space management for the organizational uses of almost every aspect of
the handover files. To provide this information to facility users, a space manager
must often perform some action on the deliverable before disbursement. For
universities, difficulties are compounded by the fact that space must be reported
based on specific space standards such as BOMA or the Facilities Inventory
Classification Manual (FICM).

Keith Beck, Director of the Bureau of Facilities Management for Wisconsin’s
Department of Administration, worked with several organizations to develop a
Digital Facility Management Information Handover document. Having recognized
that simply delivering an as-built model to an owner provided only a partial
solution, Beck began to initiate forward movement for the state of Wisconsin
regarding the transfer of important information. The agency now accepts many
different types of deliverables. In an attempt to better understand trends in handover
documentation, Beck, and the Department of State Facilities (DSF) conducted their
own interview process with 12 large contracting firms. At that time, none of the
contractors were handing over information beyond the typical closeout documents;
however, they were not opposed to the change. Some contractors reported the
volume of handover information to be so large that it had to be transferred via a
large external drive. The central thread in the survey responses included the fact that
when FM data is required, the DSF just needed to specify what kind of information
was needed and in what format (Beck 2012). Thus, the perceived difficulties for
owners exist as a planning need, along with an interrelated mixture of issues which
relate to the multiple resources, options and stakeholders involved.

Summary

Researchers and owners are beginning to explore all uses of BIM for FM and many
of the benefits remain to be quantified. Owners typically adopt technologies and
management strategies based on a proven record of benefits. This type of data
which has surfaced from larger owners who have started to operationalize the
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model for FM is slowing becoming available. The literature indicates that owners
are taking steps to utilize BIM for FM, the first of which is to mandate the model as
a deliverable and it appears that A/E firms and contractors are willing to assist
with this step. However, owners must still define the needed deliverables in order
for this approach to be successful. Developing a consensus on the post-construc-
tion uses and benefits, as well as the obstacles to executing BIM for FM will assist
in providing the foundation for the resolutions required to operationalize the
model for facilities management use.

RESEARCH METHODOLOGY

In 2012, an online questionnaire consisting of 29 questions in a variety of formats
was made available to representatives from several leading facility owner orga-
nizations with the intent to assess the state of BIM execution among owners in the
U.S. The survey was distributed via email to members of the Florida Chapter of the
Construction Owner’s Association of America (COAA) in January and later
distributed to the building SMART alliance list serve and the “BIM for building
owners” group on LinkedIn in November of 2012. Questions were organized into
four distinct parts including: 1) a section on demographics; 2) a section on BIM
Execution requirements; 3) a section on BIM uses and required format of
deliverables; and 4) a final section on the quality assurance procedures for those
deliverables.

RESULTS

Demographics

A total of 62 responses were received, of which 42 were fully completed. The low
response rate on some of the questions towards the end of the survey may have
been an indicator of the respondents’ lack of detailed knowledge related to BIM
execution planning. Though many of their organizations had begun implementing
BIM in some form, they may not yet have been knowledgeable about certain
aspects of the process. As shown in Figure 10-1, the survey sample consisted of
mostly College/University organizations, representing 56% (35) of all respondents.
This may be attributed to the COAA sample that was available to the authors and
their current connections within the state of Florida university system. The
authors acknowledge this as a limitation of the study and would caution readers
in making any generalizations about the findings of this research based on the
sample population that the survey was distributed to.

Although the organization types represented by the sample are somewhat
skewed towards educational institutions, the different roles played by the survey
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Figure 10-1. Organization type of respondents.
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Figure 10-2. Organizational role of respondents.

respondents within their organizations were more evenly distributed. Most
respondents indicated having multiple responsibilities within their various orga-
nizations. As shown in Figure 10-2, the most common roles indicated by
respondents included oversight of construction and planning operations and
construction administration.
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Figure 10-4. BIM use by respondent organizations.

Figure 10-3 shows the range of annual construction capital spending reported
by the sample respondents. A majority (72%) of the organizations indicated
budgetary spending under $500 million. These results are again reflective of the
predominant education market sector represented by the sample.

When asked whether BIM was currently a requirement of their organization,
27% (17) of respondents indicated that they had no existing requirements for it
and 34% (21) indicated using BIM on only a few projects up to that point. Sixteen
percent of the respondents (10) indicated that BIM was a requirement for ALL
their projects. Similar to the existing literature (Becerik-Gerber et al. 2012;
McGraw Hill Construction 2012; I’SL et al. 2013), these findings suggest that
the implementation of BIM processes by owners, at least at the University level,
has not yet been fully developed. A breakdown of the proportion of respondents
among each BIM use category is shown in Figure 10-4.

Table 10-4 shows the different perceived obstacles to adopting BIM as noted
by survey respondents in a free-response question. The largest proportion of
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Table 10-4. Perceived obstacles to owners adopting BIM

% of
Obstacles Number Total
Lack of trained in house personnel 10 33%
High initial cost/budgetary restrictions 8 26%
Lack of experience from design and construction side. They 4 13%

are still unable to provide BIM deliverable at this time.

Project size 4 13%
Lack of standardization and open usability 2 7%
Existing delivery methods (Design/Bid/Build) 1 3%
Lack of market understanding 1 3%
Total 30 100%

respondents (33%, 10) indicated a lack of training for in-house personnel to be the
greatest impediment preventing their implementation of BIM thus far. Although
they may be requiring BIM in some way, many respondents indicated that their
existing staff lacked the technical capabilities to utilize the as-built model.
Additionally, the high initial cost of training and software was another recurrent
obstacle noted by respondents. Many of the university organizations surveyed
were faced with great budgetary restrictions during the 2012 fiscal year, which may
have contributed to these responses as well.

When asked what construction delivery method seemed most conducive for
using BIM, the most common response was CM at Risk and Design-Build,
representing 22% (10) and 16% (7) respectively in each category. However,
13% (6) of the respondents still indicated using Design-Bid-Build as a primary
delivery method.

BIM Execution Requirements

Despite the lack of formal BIM mandates among many of the responding owner
organizations, the respondents still indicated having made certain strides in their
organization toward BIM execution. Table 10-5 shows the frequency of BIM
contractual provisions being used by building owner organizations in the survey
sample. The greatest proportion of respondents (39%, 14) indicated having
implemented revised contractual agreements to address BIM processes. Addi-
tionally, 36% (13) noted the presence of a BIM execution guide.

In addition to the executable provisions being made, they were also asked what
types of contractual changes had been implemented as a result of requiring BIM
processes. Approximately 28% (11) of the respondents indicated that they did not yet
have contracts which addressed BIM. However, 36% (14) also indicated that their
contracts referenced either supplemental BIM documentation or that a new contract
had been developed to meet their needs. Interestingly, few respondents within the
survey population indicated having used the AIA E202 or CD301 documents.
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Table 10-5. BIM provisions made by survey respondents*

# of Respondents Percent of
BIM Provision (h=36) Respondents
Revised contracts 14 39%
Presence of a BIM execution guide 13 36%
No BIM provisions 12 33%
Education and Training 10 28%
A trained staff member to manage 10 28%

BIM procedures

*Respondents were able to select more than one BIM provision

Table 10-6. Required BIM leadership roles indicated by respondents*

# of
respondents Percent of

Common job roles (n=40) respondents
No specific provisions have been made 15 37.5%

regarding leadership roles

and responsibilities related to BIM
A construction BIM manager 10 25.0%
A project BIM manager to assist in 8 20.0%

construction administration within your

organization
A design BIM manager 8 20.0%
BIM coordinators for each technical trade 6 15.0%

and discipline

*Respondents were able to select more than one job role

A common clause found within most BIM Execution Plans designates all lead
BIM personnel on the project team and defines their roles and responsibilities
related to BIM procedures. Table 10-6 illustrates the frequency of certain
leadership roles required on BIM assisted projects as indicated by the survey
respondents. Fifteen respondents indicated having no provisions related to BIM
leadership on projects thus far. The next most commonly selected answer choice
was a construction BIM manager. Additionally, the least selected category was a
requirement for BIM coordinators within each technical trade (6 responses);
suggesting that BIM management on the owner’s side is mainly required of the
primary leaders in a project team. Eight respondents indicated having a BIM
manager within their internal organization. This perhaps relates back to the many
roles and responsibilities which employees of owner organizations have assigned
to them. Some respondents noted that this role was often taken on by a project
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manager from within their organization, rather than being a dedicated job
assigned to one individual within their organization.

Quality Assurance/Quality Control (QA/QC) Procedures

The section of the survey regarding Quality Assurance and Control (QA/QC)
procedures was dedicated to determining which methods respondent organizations
used to assess the BIM proficiency of the parties that the respondents contracted
with as well as how the quality of the BIM deliverables received were evaluated.
When asked if any formal method was used to evaluate the BIM proficiency of
stakeholders when selecting a project team, five respondents noted the existence of a
formalized procedure. Four of those five responses specified that team selection was
conducted using a formal Request for Qualifications (RFQ) and interview session
used to gauge the BIM experience of a project team. Only one university respondent
indicated having a formalized procedure for measuring the BIM proficiency of the
parties used on capital projects of contract value greater than $5 million.

When asked if any formalized method was used to assess the accuracy or
completeness of model deliverables, few respondents indicated having any formal
QA/QC process. Table 10-7 shows the frequency of responses in each category
related to QC procedures for model deliverables. Eighteen respondents to that
question indicated that they had no formal process for checking the models. If an
assessment was conducted, it usually was related to visual checks of geometry and

Table 10-7. Procedures used to assess accuracy and completeness of
BIM deliverables*

# of
responses Percent of
Model quality assessment procedure (n=33) responses
We do not have any formal QA/QC process for 18 54.5%
the models
We have designated staff member(s) 8 24.2%
responsible for model management and
QC
Visual checks are performed through 5 15.2%
navigation
Interference checks are performed to 5 15.2%
coordinate different stakeholders’ models
Element validation is performed ensuring all 3 9.1%

model objects are defined accurately and
consistently through all phases

We send deliverables to an external auditor/ 2 6.1%
consultant to check the model

*Respondents were able to select more than one QC procedure
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Figure 10-5. Perceived importance of BIM uses.

coordination between trades. Two respondents indicated utilizing an external
third party or auditing method to check the quality of information in the model.

Operational Uses of BIM and their Perceived Importance

In order to gauge owners’ perceptions of BIM’s value across the building life cycle,
respondents were asked to rate the importance of several leading uses for BIM on a
scale from 1 to 3; 1 indicating “Irrelevant”, 2 indicating “Somewhat Important”
and 3 indicating “Very Important”. The average importance rating of each BIM
use along the building lifecycle is shown in Figure 10-5. As shown, the respondents
generally perceived the importance of BIM use for planning and design to be in
the areas of mechanical analysis, energy modeling and existing conditions
documentation. During the construction phase, consistent with the literature,
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Table 10-8. Perceived importance of BIM uses in the operations phase
of building projects

Perceived Importance in Somewhat % of Total
Operations Phase Important Verylmportant (n=38)
Building systems analysis 10 21 82%
Asset management 7 24 82%
GPS/GIS integration 16 14 79%
Ease of transfer to CMMS 7 23 79%
Maintenance Scheduling 14 15 76%
Space management and 7 22 76%
tracking
Disaster planning 15 12 71%

3D coordination and clash detection were rated highest; however, the creation of
record models was also rated highly.

Table 10-8 shows the responses which relate to the Operate phase in
Figure 10-5 and provides a closer look at the O&M phase importance ratings
for each BIM use listed. Applications of BIM for asset management and building
systems analysis proved to be the highest rated areas indicated by survey
respondents.

The survey also asked which of the common BIM uses had been addressed in
a BIM execution guide by respondent organizations thus far. Almost half of the
respondents (47%, 16) indicated that they did not have BIM requirements in place.
However, Figure 10-6 shows the remaining proportion of the respondents actually
requiring each BIM use, as outlined in the organization’s execution guide.

The BIM uses addressed by requirements which comprised more than 25% of
responses for that question were predominantly applications required during
design and construction as shown in Figure 10-6. Space management/tracking and
maintenance scheduling were the most frequently noted O¢M Phase uses and
comprised roughly 17% (6) of responses. All other BIM uses from the operations
phases which were noted to be addressed in the owner’s BIM Execution Guides
were among the lowest responses of the survey respondents. Therefore, although
more than 70% of respondents recognized the importance of BIM uses for O&M,
these results indicate that few respondent organizations had fully implemented
plans to begin requesting the information for operationalizing the model yet.

Deliverable Requirements

Finally, survey respondents were asked additional questions regarding the format
of the deliverables requested and how they were utilized post construction. In a
free response question, they were asked to indicate which Level of Development
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Proportion of BIM Uses Required by Owners
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Figure 10-6. Required BIM uses.

(LOD) they required for most BIM deliverables. Of the 13 respondents who
answered that question, an equal proportion indicated requiring LOD 300, 400
and 500. If a model progression specification was utilized, they indicated requiring
LOD 100-500 in each life cycle phase.

Although six respondents did indicate that they would accept an IFC or
COBie compliant model as part of their as-built deliverable, the majority (65%)
of the respondents indicated mandating a federated model in Autodesk’s 2011 or
2012 Revit building suite. Thus, many of the organizations who have invested the
time and money are software-specific in their standards suggesting that the idea
of “Open BIM” has yet to materialize among the educational owner population.
Another trend indicated by the survey respondents was a request for the native
file format of the BIM authoring tool used as well as the PDF, DWG, Navisworks
files associated with the as-built deliverable. Additionally, 60% of the respondent
organizations indicated that they continue to request hard copy and CAD files on
compact disc as part of the as-built deliverable. This may also suggest that despite
their requirement for BIM use, many organizations are not using the model
during O&M.
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Post Construction Uses of Models

# We do not use the model or its
attribute data

7% 35% | 3p geometry with hyper-

linked close-out

documentation

¥ Model and/or its attribute data
to track asset management

M Model and/or its attribute
data to track space
management

-+ Model integrated with
FMS/CMMS

14%

B Model integrated with
existing civil infrastructure

I am not sure

Figure 10-7. Utilization of the model post construction.

Finally, when asked how their organization planned to utilize the final BIM
deliverable, 35% of the respondents indicated no utilization of the model or its
information after construction handover. Figure 10-7 shows the distributions of
responses regarding post-construction. A common pattern found in the data
shows, that if BIM was utilized during O&M, it was also utilized for space and
asset management as well as being integrated with CMMS. Therefore, if O&amp;
M use was attempted, it was often attempted in multiple applications.

Analysis and Limitations

Due to the small sample size and the method in which respondents were solicited in
this study, generalizations cannot be made regarding the true state of BIM execution
among US building owners. Consistent with many of the other studies published in
this domain thus far, the results of this survey do indicate that owners who have
adopted BIM are still working internally to operationalize the model and/or the data
it encompasses. In fact, 35% of the respondents were not using the model or the
attribute data post construction. However, the perceptions of the model’s value
during post-construction provide several areas of interest and direction for owners
and may offer a possible focus for more specific areas of study.

The reality is that an owner organization comprises multiple stakeholders and
numerous positions within the organization. Each position can have vastly
different goals for not only their overall mission, but also for the use of the
model post-construction. The respondents’ included a cross-section of duties;
therefore, these results represent the average perceptions of many different roles
within an owner organization.
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CONCLUSIONS

The post-construction uses outlined in Tables 10-1 and 10-2 are all applications of
BIM requiring internal planning for implementation; a time consuming process
with multiple stakeholders. Clear evidence of a single or a select few obstacles for
owners would provide at a minimum, a focus and direction for both owners and
researchers. However, this study assists to solidify the complex issue: Owners are
beginning to understand the possible value in operationalizing the model for FM
but are in various stages of both understanding and implementing internal
procedures. It is clear that their adoption of BIM continues to increase and
though many resources are now available regarding possible methodologies for
requiring BIM, the literature review found great variability in the level of detail
found in owner’s requirements specifications.

Despite a small sample size, the survey findings, in support of similar
literature, suggest that the maturity of building owners in terms of BIM execution
is still in its infancy. The research results, though limited, indicated that even
owners with BIM experience were not utilizing their models post-construction for
facilities management as of 2012. The respondents indicated similar obstacles to
those found in the literature including: lack of interoperability, misunderstanding
of information handover requirements, and a general lack of technical skills and
software knowledge required to utilize the BIM deliverables.

This research provides a benchmark for owners in terms of strategic
planning for the advancement of BIM for FM. Unlike the design and con-
struction phases of the project, the owner’s considerations for operationalizing
the model has multiple stakeholders and uses within the organization. Similar
to the A/E’s need to establish earlier decisions, the owner is also forced to
provide earlier contributions to the project to obtain a record model for post-
construction uses and benefits. The proposed considerations provide areas for
future research, recognition of obstacles for the industry, and the establishment
of prioritized considerations for the framework of an owner’s approach to
solutions.
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the effective management of massive information. Building Information Modelling
(BIM) technology is one of the promising approaches, as it forms a platform for the
users to manage the information of a facility and leverages virtual digital repre-
sentations as a reliable basis for decisions during its life-cycle. Nevertheless, the fully
immersive environments produced by BIM still lack the capability of mapping a
virtual world into a real world, or vice versa. Augmented Reality (AR) is emerging as
an advanced visualization which is possible to bridge the gap. It enables the
demonstration of BIM context into the real world, and is envisaged to effectively
improve the way of how information is displayed. Meanwhile, the virtuality-to-
reality changeover from BIM to AR is conductive to a better understanding of
information about a facility from the human perception perspective. The objective of
the study is to explore that the merging of AR with BIM is a way for improving the
information search and management in FM applications. This chapter firstly brief
what is FM and how it is generally implemented. Followed by the state-of-the-art
review of BIM/AR aided FM research, the chapter then proposes the viability of
integrating BIM and AR and demonstrates its efficacy of processing complex onsite
information based on four BIM+AR case studies. Finally, the chapter discusses the
technological transferability issues in terms of deploying more and more BIM+AR
scenarios in the prospective FM process.

INTRODUCTION

Facility Management (FM) is based on a series of technical, economic and
organizational measures, and to carry out scientific management to the equip-
ment. In order to fulfill the functionality associated with the building assets, the
facilities management department has responsibilities for the day to day admin-
istering of various building systems and facilities, for example, piping and cabling,
lighting and energy, audio and visual system, etc, The operation and maintenance
to these facilities normally take up a large proposition of the lifespan of the
building. Meanwhile, the process also has a huge impact on costs (take equipment
shutdown as an example), work efficiency (productivity), occupational safety and
health and environment. A poor implementation of the process is typically
associated with incomplete, incorrect or not immediately usable engineering
information. As reported by Rasys et al. (2014), the effective integration and
delivery of such information are primarily challenged by the technical and
procedural processing such as recognizing the facility location, optimizing the
FM workflow, and so on. This study accordingly aims at addressing the informa-
tion accessibility issue which widely exists in the traditional manner of conducting
FM, such as, how to quickly and accurately acquire the information. The chapter is
organized as follows: the literature review section presents the state-of-the-art FM
research works that applies the advanced technologies such as Building Informa-
tion Modelling (BIM) and Augmented Reality (AR). The following section
proposes the concept of integrating BIM and AR in FM implementation as well
as its technological merits in facilitating context awareness, comparing ‘as-built’
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and ‘as-planned’ information, linking digital data to physical environments, and
visualizing maintenance guidance. Followed by the elaboration of four practical
BIM+AR scenarios, the chapter finally concludes that the conjunct use of BIM and
AR is promising in processing complex onsite information in FM instances.

LITERATURE REVIEW

BIM is emerging as a method of creating, sharing, exchanging and managing the
information throughout lifecycle between all stakeholders (Becerik-Gerber et al.
2012; Sun and Che 2012; Wang et al. 2012; Motawa and Almarshad 2013). AR, on
the other hand, is regarded as the manner of representing information generated
in FM. AR allows a user to work in a real-world environment while visually
receiving additional computer-generated or modelled information to support the
task at hand (Wang et al. 2012). The applications of BIM and AR into the
operation and maintenance of facility have received a significant consideration
from academics and practitioners.

BIM and FM Review

Considerable research works have looked into FM in the last ten years, which are
mainly concentrated on the following aspects: Innovation process for FM
(Mudrak et al. 2005; Sharma et al. 2007; Lavy 2008; Madritsch and May 2009),
measurement system for FM (De Toni et al. 2007; Meng and Minogue 2011), End-
user requirements for green FM (Nousiainen and Junnila 2008), and improvement
for FM (Lennerts et al. 2005; Leung et al. 2005; Pennanen et al. 2005; Lavy 2008).
From the literature review, three main disadvantages have been identified in the
state-of-the-art FM:

1. FM software interface is not intuitive (Cotts 2009; Park et al. 2011). The
typical FM system focuses either on flow chart, schematic diagram, and
equipment number and type, whereas the location of equipment and the
actual pipe routes tend to be ignored;

2. FM data is scattered and difficult to be searched in a timely manner
(Cardellino 2006; Stack 2012). It highly demands the domain knowledge
and project technology from design to construction (Cotts 2009). FM would
work properly if all the materials and data are collected and integrated along
with project design and construction stages. However, facility managers
normally do not have a useful standard to structure the information in a
relevant way for a better management; and

3. FM software platforms are not compatible (Cardellino 2006; Liao et al.
2012). The traditional FM system is either provided by equipment suppliers
or developed by FM parties. All of the software platforms are independent,
such as Central Air Conditioning System, Access Control System and
Monitoring System which all contain their own hardware and software
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platforms. Different equipment suppliers provide different platforms so that
there are not any interaction and sharing between these platforms. There-
fore, the FM stakeholders are facing more difficulties in operation.

BIM is emerging as a new approach to address these disadvantages. A range of
studies identified that there were numerous potential applications and benefits when
implementing 3D/4D CAD/BIM in FM (Asli Akcamete 2010; Chen et al. 2011; Park
etal.2011; Becerik-Gerber et al. 2012; Sun and Che 2012; Liu and Issa2012; Liao et al.
2012; Yuetal. 2012; Motawa and Almarshad 2013). Wang et al. (2013) had engaged
FM in design stage through BIM so as to improve FM performance. Yu et al. (2012)
identified 13 factors that have direct or indirect effects on BIM acceptance, and
proposed the foundation of research underlying the BIM potential benefits for FM
practice in future. Becerik-Gerber et al. (2012) presented a non-geometric data
structure, introduced life-cycle continuum of data requirements, and discussed roles
and responsibilities of stakeholders for data provision. In order to better apply BIM
in FM, some development work has been done to improve BIM application. Liu and
Issa (2012) focused on automatic bidirectional communications between Comput-
erized Maintenance Management Systems (CMMS) and BIM models on a database
level. Motamedi and Hammad (2009) attached the permanent RFID tags to facility
components, where the memory of the tags was populated with accumulated
lifecycle information of the components taken from a standard BIM database.
They also developed a conceptual RFID-based system structure and data storage/
retrieval design. Given the complexity of property management during the opera-
tional period where enormous information could be lost during the several periods
before operation, it is very difficult to manage equipment all through the way (Sun
and Che 2012). Some authors (Sun and Che 2012; Liao et al. 2012; Motawa and
Almarshad 2013) built a visualized FM platform based on BIM which integrated all
the equipment information and operation method to solve this problem. Sun and
Che (2012) further realized the real-time monitoring of the update of equipment
information, equipment maintenance and fault handling is very critical during the
operation stage. Aaron Costin (2012) have developed and evaluated a framework
that utilizes the integration of commercially-available Radio Frequency Identifica-
tion (RFID) and a BIM model for real-time resource location tracking within an
indoor environment.

BIM has been considered as an important technology for current FM
performance improvement. However, the previous research mainly focused on
supporting facility managers to make sound decisions and real-time control using
BIM data. Rare research was concerned about guiding operators and repairmen to
work efficiently and letting them obtain relevant in-situ information concerning
BIM database. Some commercial software has enhanced BIM application in FM.
Ecodomus (http://www.ecodomus.com/index.php/ecodomus-fm/) is a software ap-
plication that provides for real-time integration of BIM with Building Automation
Systems, ARCHIBUS, and GIS. EcoDomus FM can serve as a part of Central
Facility Repository (CFR) helping owners keep data always up-to-date across the
applications and databases. YOUBIM (http://www.youbim.com/) is a Cloud-based
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solution which extends all the value of BIM through to Facilities Management, by
integrating information and making it instantly available in the form of data-rich
online Models. BIM anywhere (http://bimanywhere.com/features.php) is field
tested and proven lean workflows make accessing and sharing 3D model
information easy and intuitive for every single person on the jobsite to use for
planning, tracking, and verification. ArtrA (http://www.artra.co.uk/asset-lifecycle-
management-3d-facilities-management) uses 3D as-built coordination models and
BIMs for asset management by linking all relevant documentation and informa-
tion to the model and to a SQL database where it can be searched and retrieved.
Design information and intelligence, contained in model’s attributes, is augment-
ed with installation, operation and maintenance information and documentation
that is added to ArtrA’s database. This in its entirety is made accessible on-site
through tablet PCs. These commercial systems are all only based on BIM, this
book chapter aim at developing a BIM+AR system which not only can realize field
BIM function but enhance the combination of virtual reality and physical
environment with AR technology.

AR Review

AR creates an environment where digital information is superimposed into a real-
world view. Considerable efforts have been made to promote AR in different
application scenarios during last decade, such as such as design collaboration
(Shin et al. 2005; Wang et al. 2008; Wang and Schnabel 2008; Wang 2009; Chi et
al. 2013), construction management (Wang 2007, Dong et al. 2009; Park et al.
2013) and training (Wang and Dunston 2007). Hincapie et al. (2011) presented an
example of AR application in aeronautical maintenance. The principal flaws
of AR were commented while the possible lines of investigation were suggested.
S. Benbelkacem (2010) developed an AR maintenance design platform and
applied it to a case of solar system, and the result showed AR was an optimum
option for operators to work efficiently, safely and flexibly. Henderson and Feiner
(2009) evaluated the benefits of AR for task localization in maintenance of an
armored personnel carrier turret, and a qualitative survey showed the AR
condition was intuitive and satisfied for the tested sequence of tasks.

However, rare research has been done with regard to the AR-enabled opera-
tion and maintenance in building environment. Lee and Akin (2011) developed an
AR-based equipment Operations and Maintenance (O&M) fieldwork support
application to improve efficiency at the site and the experimental evaluation of the
application. The application consisted of an AR-based interface for intuitive GUI
and an O&M information model developed with various types of O&M specific
information obtained through observing trades people’s fieldwork activities, and
those from Computerized Maintenance Management System (CMMS) and Build-
ing Automation System (BAS). Zhu et al. (2013) developed an authorable context-
aware AR system to assist the maintenance technicians. Wang and Dunston
(2006a) have selected some scenarios where AR can be potentially applied, such
as working distantly and hazardously, construction and assembly, maintenance
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and renovation, inspection, safety and training. They further used AR as an
assistant viewer for computer-aided drawing (Wang and Dunston 2006b). Wang
etal. (2013) provided a state-of-the-art review of the mainstream study undertaken
between 2005 and 2011 within the normative literature. They identified: 1) wide
variety of built environment applications for which AR systems are now being
developed and tested; and 2) the most part of the published papers still consist of
lab-based controlled studies without industrial practitioner-based control groups,
geared toward feasibility or proof of concept testing.

Summary

The preceding literature review addresses the underlying integration between BIM
and AR to improve current FM performance. It also helps draw the following
conclusions:

o Current FM platforms and practices are mainly paper-based and insufficient
in supporting field maintenance people to work correctly and efficiently.

o There exists a strong interest among industrial circles and academics in how
emerging technologies can be used to improve current FM practice.

o BIM has been considered as an important technology in achieving high-level
performance of building operation and maintenance, such as visualized
equipment tracking, real-time system control and accurate decision-making.

o Current BIM-based FM systems are mostly useful for maintenance managers
instead of field works. Tools for repairmen are insufficient in performing
maintenance work with high productivity.

o Functionality of current AR tools is not perfect, but sufficient in super-
imposing digital maintenance information into a real-world view.

Nevertheless, the immersive environment created in BIM still lacks an ability
of matching a real world into a virtual world. AR, featured as a ‘walking-through’
technology, enables the demonstration of BIM context into the real world, and
is envisaged to be effectively used to improve the way of how information is
displayed. Meanwhile, the virtuality-to-reality changeover is conductive to a better
understanding of information about a facility from the human perception
perspective. Therefore, the objective of the study is to explore that the merging
of AR with BIM is a way for improving the information search and management
in FM applications.

IMPLEMENTATION AND BENEFITS OF INTEGRATING
BIM AND AR IN FM

Dunston and Wang (2011) revealed that the composite task and primitive task
were the underlying blocks for FM fieldwork. Activities associated with composite
tasks include measure, connect, navigate, organize, obtain, select, align, connect,
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Figure 11-1. Implementation of BIM+AR in FM.

record, and report. To acquire an object, for example, a user must move their arm
and hand into position before grasping it. Primitive Tasks refer to elemental
motion and include reaching, grasping, moving, and eye travel. From the
perspective of mental tasks involved at these levels, it is believed that the primitive
and composite tasks could be readily applied within a BIM+AR environment.
With this in mind, a concept of BIM+AR is of significance that can facilitate
cognitive perception and learning of FM tasks. As suggested by Dunston and
Wang (2011), there are three major mental aspects that need to be addressed when
assessing the feasibility of using BIM+AR for FM related work processes: how
information is obtained, attention distraction from disturbance, and memorial
processing (visual representation, short-term and long-term memory), as referred
to Figure 11-1. The BIM database creates an environment for project participants
to collaborate on a shared information platform of project knowledge. FM
engineers from different disciplines/teams can remotely and efficiently access the
information of the building elements, such as security system, piping, cabling,
lighting system, HAVC, etc. With AR, the information derived from BIM can be
visually presented in real space, in real scale, and in real time, which bridges the
gap of the virtual context and the real world from the human perception
perspective. This is the step in how BIM integrated AR will continue to help
us across the spectrum of design, construction, commissioning, and operation and
maintenance.



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

286 BUILDING INFORMATION MODELING

A considerable amount of time and effort may be undertaken to determine
the location as well as reading procedural and related information. According to
Hou and Wang (2011), AR can be used to expedite tasks more efficiently and
effectively, as information can be made readily available in real-time and real
context. Enabling salient information to be available on demand, particularly
during operation and maintenance phases, can improve decision-making. Towne
(1985) revealed that cognitive time (i.e. time not engaged with devices or tools)
accounted for about 50% of total task time. The use of AR should lower the
frequency of switching between information resource (paper drawings or com-
puter) and work piece tasks by integrating the required information into activities
and therefore reduce the time and energy associated with repetitive switching
(Wang et al. 2012). The memory system is composed of three distinct memory
stores (Proctor and Van Zandt 1984): (1) sensory store, (2) short-term store, and
(3) long-term store. For many tasks, accurate performance requires not only that
pertinent information be retained in the short-term store, but also that the
information be acted on quickly (Proctor and Van Zandt 1984). Therefore, the
limited capacity of the short-term store has implications for any task or situation
in which successful achievement of a task/operation requires a subcontractor to
encode and retain information accurately for brief periods of time (Wang et al.
2012). Proctor and Van Zandt (1984) indicated that the accuracy of retention can
be increased by minimizing the activities that intervene between the presentation
of information and the actions required. In the case of AR, information is directly
inserted into the subcontractor's real world view of the task, releasing part of the
short memory occupied by those items and therefore facilitating efficient retrieval
of information from memory.

In Figure 11-2, BIM models contain as-built building information, operation
information and maintenance information, which include for example, the
formats of 1D text, 2D image/drawing, 3D wireframe, 3D model, and animation.
AR can be used to display the above formats information in real world. There are
five basic technological components of AR: media representation, interaction
device, feedback display, trackers, and the computing unit (Wang et al. 2012).
When integrating BIM with AR, there are five benefits for FM: intelligent fault
diagnosis, visualized operation guidance, situation awareness, building perfor-
mance monitoring and mobile route guidance. These benefits are elaborated in the
following sub-sections.

Intelligent Fault Diagnosis

Take the state-of-the-art facility maintenance process as an example, when a fault
occurs, the duty officer will normally assign the related workers to inspect and
address. To the workers, they will start from searching the relevant materials,
formulating potential solutions, and finally troubleshooting the problems. This
process is time-consuming and unsafe. AR can be used to expedite tasks more
efficiently and effectively, as information can be made readily available in the real-
time context. For example, when leakage occurs, the sensor can detect it and
report to the server (as shown in figure 11-3). BIM model and AR model are stored
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Figure 11-2. Application areas and benefits of BIM+AR in FM.

in the server. After obtaining the position of leaking part, the leaking pipe will be
highlighted in the BIM model. AR model of the whole pipe will then be generated
automatically with the specific leaking part highlighted. After this process, request
of fixing the pipe will be pushed to the mobile devices of FM personnel. They can
scan the specific marker to view the leaking parts highlighted in the hidden pipe
behind the wall.

Visualized Operation Guidance

Equipment maintenance includes the installation or removal of a component from
an facility or facility subassembly, the current practice utilizes 2D drawings and
manual as the main visualization means to guide repair (Wang et al. 2013). Other
visualization means such as video and virtual reality have also been applied to
assist in operation (Boessenkool et al. 2013). According to Hou and Wang (2013),
the insertion of digitalized information into the real-world workspace using AR
can provide workers with the means to implement correct operation procedures
with improved accuracy and reduced errors.
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Situational Awareness

AR can naturally complement pervasive computing by providing an intuitive and
interactive interface to a 3D information space embedded within physical reality.
According to Lee et al. (2008), AR can be used to afford a situation-aware and
adaptable service which considers user preferences, device profiles, and security.
Therefore the action list associated with a particular job can be viewed by different
user profiles (cleaner, security guard, technician, etc.) via AR. BIM stores all this
information that can be used to generate action lists in a single data repository.
Information can be extracted from a BIM model using Industry Foundation
Classes (IFC) and gbXML to support the operation and maintenance processes.
For example, facility manager designs and distributes work order based on BIM
firstly, and then a cleaner can see what his/her to-be-cleaned area is in a building
via AR; a service man can see the sensor values or other damaged components in
this room, etc. Finally the real-time feedback of maintenance information can be
sent to BIM database.

Building Performance Monitoring

The current practice of real-time building performance typically visualizes the
information collected from sensors distributed throughout a building (Costa et al.
2013). The visualization shows the raw data values as simple text labels on top of
2D floor plans (Costa et al. 2013). This requires large amount of unordered and
non-geo-tagged 2D imageries to be manually analyzed at a later stage, which
makes the analysis time-consuming and labor-intensive. Due to the absence of a
benchmark for energy performance, identification of performance problems also
heavily relies on the auditor’s knowledge and experience, and consequently may
lead to subjective and error-prone inspections (Golparvar-Fard and Ham 2013).
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BIM can better visualize the same data in 3D in the context of the specific zone
configuration of the building under consideration. However, quick and reliable
identification of energy performance problems in buildings is a critical step in
improving audits’ efficiency. According to Golparvar-Fard and Ham (2013), AR
can be used to automate the analysis and visualization of deviations between
buildings’ actual and simulated energy performances. In addition, actual and
expected 3D spatio-thermal models are generated and superimposed in a common
3D virtual environment (Golparvar-Fard and Ham 2013). The visualization of
deviations in 3D enables auditors to easily identify potential performance pro-
blems, and in turn enable auditors to focus more on other important tasks of
analyzing retrofit alternatives. For instance, a service man using tablet can see
from the outside of the building and assess the temperature distribution of its
various parts.

Mobile Route Guidance

Mobile route guidance is significant for operators in the maintenance process
when a building is complex and has restricted areas (Frankenstein et al. 2012).
Traditionally, workers rely on memory, signs and building plan maps to find a
route to destination step-by-step. However, most signs are not arranged in a
proper way. Workers might get lost in moving from one sign to the next due to
faulty memory and unclear signs. AR appears to create a promising platform if
equipped with BIM technology which can facilitate the mobile route guidance.
Wang (2012) have developed an in-door wayfinding prototype based on AR
technology and Longitude, Latitude and Altitude (LLA) marker. Lin et al. (2013)
introduced a new method to cope with path planning for 3D indoor space through
an IFC file as input, and developed a navigation system which automatically
extracted and managed geometric and semantic information on building com-
ponents and spaces from the IFC file. The experimental results demonstrated that
the presented method was able to cope with the properties of building components
and was more accurate and efficient than some previous work used for path
planning. With indoor route guidance, auditors can reach destination quickly,
easily and securely. Moreover, auditors are able to do the auditing comments/
marks (utilizing indoor positioning) when walking in the building.

THE APPROACH OF LINKING AR WITH BIM

The conventional AR environments are based on ARToolkit where virtual objects
are usually drawn using pure drawing functions of Open Graphical Language
(OpenGL), a multi-platform high-level 3D graphics Application Programming
Interface (API) (Piekarski and Thomas 2002). However, if users want to build
their own AR applications, they must acquire the knowledge of OpenGL. Most of
the AR applications could only show the 3D model and animation such as
ARmedia, D’fusion by total immersion and Build AR. They are mostly used for
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Figure 11-4. Framework of linking AR with BIM for FM.

advertisements or demonstration. However, in FM process, animation and 3D
model are not sufficient to provide instructions for facility managers. They need to
refer to the properties for the specific id and other attributes of equipment. For the
purpose of facilitating the development cycle, the framework is developed as
depicted in Figure 11-4.

BIM model includes 3D geometry wireframe and properties. They are
converted and processed into AR supported formats in specific modelling
software. In this process, contents and interactions need to be created by
modelling and scripts. AR model and relevant information are retrieved and
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converted from BIM model. Obj and md2 are the supported formats of the AR
system. For example, the procedure below describes baking texture in blender:

1. Export model to obj format in blender

Create UV Maps and activate it

Enter edit mode and do Smart UV project

Create new image for the texture baking process

Select all models and bake the material into texture image
Save the texture image

Add new material and click “assign all”

® N Nk WD

Add texture to this material and then select the texture and mapping
coordinates

9. Delete the other material

Properties are imported into AR system via attached xml. After attaching the
AR models to specific markers, the AR system is ready to be applied. Animations
can be imported into the AR interface via the attached exporter of 3D modelling
software, and recognized by the pre-defined markers without using more sophis-
ticated exporter such as OSGExp (de Bérigny Wall and Wang 2008). The standard
materials and rendering effects can be securely conserved after been exported.
For the step-by-step guidance in operation, pause, resume and other interactions,
objective C is chosen as the language to enable the user-input and the control of
animation in IOS platform.

The gesture of panning, rotation, clicking and pinching is activated by
importing relevant framework. Each of this gesture is linked to specific the
control of 3D model or animation, e.g., panning moves the position of virtual
model, pinching zooms in/out the virtual model and clicking makes the
animation pause or continue, etc. Wayfinding information is retrieved from
BIM model and inserted into AR system in php script. The hardware required
for the AR system is as simple as one iPad or iPhone. In order to create an
immersive working environment, the system could be transferred to a normal
windows operational system with PC and Head-Mounted Display (HMD) or OS
system. Tracking patterns such as ID marker, picture marker and 3D feature
could be chosen in different situation. By scanning a marker, the user could see
the 3D model of equipment overlaying on top of real environment. If AR
animation is loaded into the system, the user can do interactions with animation.
Properties of equipment can be visualized beside the model for the purpose of
guidance. Additionally, navigational information retrieved from BIM model
helps the user find the shortest and safest path to the specific equipment in
maintenance work.

The final outputs are in three types: AR 3D model, AR animation
and AR-enabled wayfinding. The three types of AR contents can be viewed in
both desktop, mobile computers and tablets such as iPad, iPhone, Windows or
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Mac based PC and Android based tablets. Applications of this animated AR
system in FM can be classified into five areas as aligned with the five FM benefits
aforementioned in the last section: intelligent fault diagnosis, visualized operation
guidance, situation awareness, building performance monitoring and mobile route
guidance.For example, for intelligent diagnosis, AR can be used to identify the
invisible component behind the wall. With AR’s context-aware characteristics
facility manager can view the affected zone of the damaged component in real
environment efficiently and effectively. Working status, navigation and mainte-
nance can be retrieved from BIM model in order to monitor building perfor-
mance, guide the facility manager to find specific equipment and provide
instructions of operation.

CASE STUDY

This approach has been applied into a chosen scenario in this case study. The
target healthcare project is located in Perth. The layout of equipment in healthcare
project is reasonably complicated and has the strong need for an effective method
to increase its maintenance efficiency. As stated in the introduction section, the
traditional FM software is not intuitive and the data is scattered. The BIM+AR
solution can improve the efficiency of FM by providing the right information in
the right place efficiently and intelligently. A Magnetic Resonance Imaging (MRI)
room of the healthcare project is modelled in Revit Architecture and exported into
fbx format, serving as the BIM model. Figure 11-5 shows the BIM model of the
MRI room.

Figure 11-5. BIM model of the MRI room.
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Vo g

Figure 11-6. Marker (ID1) on the ceiling.

Four equipment facilities are chosen for AR visualization (depicted in
Figure 11-8, 11-9 and 11-10), each of which was positioned on the ground,
ceiling, and the two walls respectively, as shown in Figure 11-6 and Figure 11-7.
All of the BIM models are created in Revit Architecture and exported into fbx
format. Figure 11-6 and Figure 11-7 depict the way the markers are positioned,
e.g., markers are set vertically on the walls, and horizontally on the ground and the
ceiling to have the AR context superimposed onto different patches of the room.
Figure 11-6 shows that the marker (ID 1) was immobilized onto the roof. The
distance from the border of the marker was designed to be 20 cm to the Front wall
and 60 cm to the left wall separately. The distance from the marker to the ground
may vary from the height of user. Figure 11-7 depicts the position of marker ID2,
ID3 and ID4 in the same way.

The positions of each marker can be prescribed in the BIM model. In the
predesign of AR scenario, the size and position of each marker can be marked in
the BIM model. Preferable observing distance can be marked in the BIM model as
well for a better experience of the virtual model. These markers are arranged
according to the predefined positions and sizes, thus the user can have a sense of
standing in the real MRI room. All of these models are shown in real scales. In
order to ensure the rendering quality and speed, the shadows of models are baked
as the adhering textures in jpg format in 3ds Max. Scanning the marker ID1, ID2,
ID3 and ID4 with a mobile device will bring out the specific model. The model of
the hidden pipes (Figure 11-8), AR animation (Figure 11-10), Air-Conditioning
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Figure 11-7. Markers (ID2, ID3 and ID4) on the ground, left and front wall.

(AC) units and MRI equipment will be superimposed on top of the real
environment.The AR system is used to identify the location of the invisible pipes
behind the wall, provide a step-by-step guidance of operation, design and update
the layout of equipment facilities, and facilitate in finding the specific equipment.

This case study highlights four application scenarios of the integrated
approach of BIM and AR:

1. Identifying the location of hidden components

2. AR-enabled step-by-step guidance for maintenance procedure
3. Layout arrangement of equipment

4. Mobile Route Guidance for maintenance

As stated in the introduction, data integration in traditional FM is poor.
Massive time is wasted in looking for information in FM. The context-aware
characteristics of AR can help the FM personnel get the right information
efficiently. In this case, maintenance is the main task. Thus efficient identification
of the location of hidden components can improve the productivity. Time of
looking for specific manuals is saved because AR-enabled step-by-step guidance
can show the relevant maintenance procedure clearly and intelligently. Layout
arrangement of equipment enables the view of as-planned and as-updated layout
prior to putting them in space. Last but not least, mobile route guidance provides a
preferable way of navigation which saves the time of searching for the location of
specific components. BIM model stores both the geometry and properties. Since
most of these information is predefined in BIM, these four applications could be
scaled up easily for BIM enabled FM projects.
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Figure 11-8. Virtual piping system behind the wall.

Identifying the Location of Hidden Components

In the FM process, the hidden components’ positions are difficult to be identified
efficiently and precisely. For example, traditionally, when the FM personnel are
requested to fix the leaking pipeline behind the wall, they refer to the as-built
drawing to identify the location of the pipe. This may lead to the imprecision in
punching on the wall. In this case study, the pipeline system on the wall consists of
several components extracted from BIM. Figure 11-8 shows that AR can provide a
view of the hidden pipes behind the wall. With this function, the facility manager
can efficiently locate the right position of a specific pipe when leakage occurs. The
process indicates the following four steps:

1. The facility manager is requested to fix a leaking pipe

2. From what has been requested, the facility manager understands the rough
position of the leaking point of the pipe, which, as stated in Figure 11-6, is on
the right hand side of wall

3. He decides to start with the left-most pipe

4. He scans the pre-arranged marker on this wall to view the virtual pipe in the
AR system and points the component’s position on the wall

Information retrieval capacity typically differs between individuals since it
depends on personal expertise obtained from training or practicing, as well as the
difficulty of the task itself. Effective retrieval capacity refers to a series of fast
mental behaviours, i.e., searching, analysing and interpreting information. A low
level of individual retrieval capacity on the other hand, generally hampers the
transition from informational novice to expert. From the perspective of searching
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for and accessing information, operating information is detached from equipment,
tools, and materials. Nevertheless, control panels and lighting which are used
frequently allow physical labels or tags to be attached. The worker needs to search
some types of medium for information, often in the form of an annotated drawing
or manual print. A great deal of time is typically spent on finding and reading
procedural and related information. It seems obvious therefore, that accelerating
the search for information would benefit task performance. Animated AR
visualisation can save the worker a time-consuming search by triggering infor-
mation with little user effort. It provides a more effective method that aids
information retrieval compared with conventional assembly guidance, where
unilateral information retrieval behaviour is supplanted by the interaction
between multimedia and the human.

AR-Enabled Step-by-Step Guidance

In the conventional FM process, FM personnel need to refer to massive manuals,
certificates and other relevant information to find the right information effectively.
It is difficult to look for the right information in the right place. Efficient
identification of hidden components’ locations can improve the productivity.
Time wasted in looking for specific manuals is saved because AR-enabled step-by-
step guidance can show the relevant maintenance procedure clearly and intelli-
gently. The guidance of operational procedure can be shown in the AR system
step-by-step to give the facility manager clear instructions. In this case study, the
procedure of unscrewing a shut-off valve access panel is animated in the AR
system. Firstly, the fbx models of the pipes, screws, valves and the screw driver are
imported into 3ds Max. Then the step-by-step animations are created and
exported into the AR system. By scanning the marker (ID3) in Figure 11-7 with
an iPad, the facility manager can observe this animation in real environment
(depicted in Figure 11-9). The procedure animated to guide the operation follows
these steps:

1. Unscrew the shut-off valve access panel (Figure 11-10a)

2. Rotate the handle anti-clockwise 180 degrees starting from the left hand air
pipe (Figure 11-10b)

Repeat this process for other four pipes
4. Re-screw shut-off valve access panel
5. Add “OUT OF ORDER” tags to the front of the pipes (Figure 11-10c)

The user can play, pause and replay the animation, as well as move the virtual
images in the augmented scene. Another characteristic feature of animated AR
visualisation means are in lending collaborative guidance to the user. Within each
assembly step, augmented animation dynamically and sequentially ushers the
position changes of spatial components in a way that the user triggers each
animation segment. When completing each animation segment, AR turns into a
visual tool for presenting the statically augmented images of the component, as
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(a) (b) (c)
Figure 11-10. Guided process of example scenario in the AR system.

well as the attached information. In parallel, this pattern is temporarily suspended
for the next triggering by users. At each suspended interval (after the preceding
section of guiding animation), users have sufficient time to inspect the problems to
date and to process the information for the repair of the next component. Through
this method, implementing the repair and retrieving the augmented guidance can
be conducted collaboratively and simultaneously. Following this step by step
collaboration, the visualisation means is also able to improve the performance of
the repair men. By seeing the animated repair process, plus the sequence
information being built into the AR visualization, this made it possible for the
inexperienced novice repairmen to develop problem solving skills after the AR
training.
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(a)
Figure 11-11. Virtual equipment visualized in AR.

Layout Arrangement of Equipment

In the FM process, layout of equipment needs to be updated in some circum-
stance. It is difficult to move the equipment into the space and arrange them in a
proper location. Both time and cost are wasted in this process. Layout arrange-
ment of equipment in each room could be predesigned in BIM and then visualized
in real context via the AR system prior to putting them in place. This enables the
FM personnel arrange the layout of equipment in an easier way. Simply by
rotating and moving the marker, the virtual model will rotate and move in the
same way. On the ceiling, AR shows an AC unit (see Figure 11-11a). The virtual
AC units attached to a real roof are in a real scale. On the floor, AR shows the MRI
equipment (see Figure 11-11b). The virtual model’s position and angle will be
changed in the AR scene when the user moves or rotates the marker. Thus the
user can efficiently arrange the position of equipment where they prefer to.
Displaying these real-scale models in AR scene provides the user an immersive
environment.

Mobile Route Guidance

Last but not least, the facility manager regularly finds the way to the target
equipment based on his or her familiarity with the hospital. This may not be the
shortest path. Additionally, there is a probability of running into potential hazards
for lack of relevant knowledge. Since some equipment may injure the facility
manager, travelling path needs to be identified in a striking way. The AR system
can offer navigation for facility managers’ travelling in the maintenance process.
With the navigation function of this AR system, travelling time can be reduced.
Potential hazards can be also avoided with warning in the AR scene. The AR
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Figure 11-12. Navigational information in the AR system.

system can show the shortest path and warning information predefined in BIM.
This could reduce facility managers’ time cost in looking for equipment and
ensure their safety. Figure 11-12 shows that the user scans the marker with an
iPhone. Then a green arrow indicates the direction of the box containing the target
valve. The real time navigational information in the AR system helps the FM
personnel find the specific component in an efficient way. Additionally, this
ensures the safety of FM personnel by highlighting the potential hazards.

CONCLUSIONS

Operation and maintenance normally involve a large number of collaborative
tasks across different geographical locations and domain expertise. The prelimi-
nary case study reveals that FM personnel making use of AR and BIM can cope
with enormous information flow more effectively and efficiently, compared with
using the traditional index sheets with a mass of drawings. AR enables the
“walking-through” functionality, which can particularly facilitate the review
process right on the site, as AR, by nature, involves the human sensations with
both real and virtual information sources. Due to the lack of investigations or
insights of how BIM can be integrated with AR to support the onsite FM work, the
previous research has not fully addressed the issues such as, how to up-scale and
fully apply the BIM context in the real space via AR, how to effectively visualize the
maintenance instruction in step-by-step animations, and how to dynamically
generate the route within a building using a AR-supported visual system and the
BIM models. To address these issues, this chapter demonstrates the viability of
implementing BIM and AR as a context-aware visualization platform in four
FM cases, from which a series of technological deployments are presented.
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The demonstration also reinforces the evidences that the BIM+AR context-aware
platform is conductive to reasoning the interdependences of tasks, designing the
spatial site layout of the to-be-positioned, linking digital context to physical
environments, visualizing maintenance instruction and so on.

FUTURE WORK

In future, in order to realize ubiquitous and accurate AR, more technologies such
as laser pointing can be considered to introduce which can. Moreover, the
currently applied marker-based tracking systems within AR can be replaced by
markerless-based tracking or feature-based 3D tracking to improve the flexibility
of deploying AR devices.
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CHAPTER 12

A Domain-Independent
Facility Control Framework

E. William East*
Chris Bogen'

Abstract: The purpose of our built environment is to provide spaces in which
human-designed activities may comfortably occur. An ever-increasing set of
technical disciplines, economics, and societal norms place dynamic requirements
on those who plan, design, construct, maintain, operate and manage our built
environment. In this paper, a domain-independent framework to capture design
requirements and then compare those requirements to the actual performance of a
facility is presented. The foundations of this framework are five related Industry
Foundation Class Model View Definitions that are partially implemented within
commercial software and are contained in the United States National Building
Information Model Standard (NBIMS-US V3). The application of this framework
was tested using an algorithm that compares expected data with as-operated sensor
telemetry. This algorithm was verified against simulated data and validated against
sensor data. The sample models and tool kit developed for this project’s experimental
test bed has been adopted by industry and academia to support their missions of
streamlining design and construction processes and educating future design and
construction professionals. In addition, the initial application of this framework to
support wider sustainability, engineering economics, and business process analysis
goals is introduced. These applications demonstrate how small additions to
structured building information deliverables may quantitatively address current
and future requirements placed on our engineered environment.
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INTRODUCTION

United States Department of Commerce information has for decades shown flat
productivity in the construction sector, compared with more than 250% produc-
tivity increase in other business sectors (Teicholz 2004). Another widely cited
study points to waste amounting to $15.8B per year USD resulting from failure to
streamline work and information flows (Fallon 2006). Such findings were not,
however, news to the research community. In 1983, a blue-ribbon panel identified
potential productivity gains achieved through the application of “Personal Com-
puters” by capturing life cycle building information (BRB 1985). Despite 30 years
of using computers in the design office and construction trailer, the production of
paper (or e-paper) documents and use of databases for exception reporting
remains the common level of use of these amazing machines with their now
ubiquitous computer networks. Digitizing one small part of this process, the
construction handover data, would have saved the United States over $2B USD per
annum (Fallon 2007).

The design and construction industry’s ability to implement new approaches
and technologies comes at a time when owners and society are making increasing
demands of our engineered environment. Examples of such criteria on U.S. Army
Corps of Engineers’ projects include the Americans’ with Disability Act (starting
in 1990), life cycle costing (starting in 2004), sustainability (starting in 2010), force
protection (starting in 2011) and net-zero energy requirements (starting in 2012).
In each case, practitioners have followed the well-worn path of waiting for
guidance from technical experts who form organizations supporting each of these
individual sets of requirements.

The necessary self-promotion of interest-group organizations has led each
group to maximize its individual value, even when such behavior may actually
decrease the groups’ ability to meet the needs for which it was created. The most
egregious of these efforts has focused on a domain currently receiving a high level of
attention - energy modeling and sustainability. Leading researchers in the field of
energy simulation have stated unequivocally that the results provided by energy
simulation models are not reproducible and cannot be trusted due to “arbitrary
decisions” made by the energy modeler and incorrect assumptions made by
simulation tools (Bazjanac 2008). Other authors have also shown a pattern of
deviation between predicted energy use and actual performance of the constructed
facility (Polly 2011). Practitioners have argued for years that complex energy models
aretoo difficult to use, but more simplified methods, such as the Leadership in Energy
and Environmental Design (LEED) design-by-checklist system, have also proven
ineffective. Although tools such as LEED may have raised consciousness, their
widespread application has created sufficient problems to generate lawsuits from
owners claiming non-performance of highly rated facilities (McLellan 2011).
Recognizing these problems, owners are beginning to pull back from LEED require-
ments. For example, in 2012 the United States Congress prohibited the Department
of Defense to provide any funds for LEED certifications above Silver (USC 2012).
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Lack of standardized performance measures to evaluate projects, and lack of
strategic research direction, have been identified as essential causes of low
construction industry productivity (NRC 2009). One reason for the inability to
improve different aspects of building performance is the need for a common
framework for building information modeling. Sacks (2010) outlines many
potential benefits stemming from building information but indicates that, unless
a holistic view of these disparate parts can be achieved, it will be difficult for
building information technology to have a major impact. Forgues (2012) states
that a unified framework is needed to guide the building industry to a more
sustainable future. Jung (2011) argues that any such framework must consider
both the technology to be used and the business activity being accomplished.

Regardless of the form of a framework, that framework must be clearly
specified (London 2011). The lack of specificity in contract clauses that require
building information deliverables demonstrates that unless the owner defines their
requirements in the contract, the models delivered will vary widely from project to
project, and from modeler to modeler. Beyond the creation of a performance-
based specification for building information deliverables, there is also a need
for a methodology to establish the value of this building information to resolve
disputes regarding errors or omissions in the specified deliverables (London 2011).
This will inevitably lead to the development of a set of internally coordinated, but
task-specific, specifications. In the context of the buildingSMART alliance,
projects aimed at creating such specifications are called “information exchange”
projects (East 2011a). A key motivation of information exchange projects is to
ensure that efficiencies gained by streamlined business processes offset the cost of
upgrading software and change management (Duarte 2012).

OBJECTIVE AND APPROACH

While control cycles are the basis of virtually all industrial activities, the facility
acquisition process differs significantly from most industrial processes in several
ways. These include (1) the lag time between project phases, (2) the variety and
number of stakeholders, (3) the variety of software tools used, and (4) the changes
introduced throughout the process. This paper introduces a domain-independent
framework for building control. The framework is composed of four parts:
(1) documentation of design resource requirements, (2) capture of as-designed, as-
built, and as-operated facility models, (3) comparison of the as-operated sensor
information to the resources needed to operate the facility, and (4) identification
of appropriate corrective action.

Effort on this program of work began in 2008 with the creation of a test bed to
ensure that efforts on multiple individual projects could be coordinated. Next,
projects documenting information exchanges for design processes affecting facility
sustainability were conducted. The exchanges necessary to capture building
automation and control systems data were defined. Next, the structures needed
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to compare facility requirements with actual performance were defined, and a
prototype framework developed. Finally, a new data mining and clustering
algorithm was developed and tested. This effort resulted in the creation of an
adaptive building control and feedback system. Several tests of the extensibility of
this framework were also conducted. Now that these projects have been conclud-
ed, this paper summarizes this program of work and introduces the overall facility
control framework.

TEST BED

A variety of commercial software is used to initiate, plan, design, build, maintain,
manage, and operate facilities. The likelihood that proprietary information
provided by one commercial software system will be available to any of the
parties downstream is small. Proprietary information delivered during the course
of a long-duration project may no longer be supported by the time that the project
has concluded. Therefore, the creation of a building control framework spanning
the facility acquisition process requires the specification of open-standard data
exchanges. As a result, the facility control framework was based on the Industry
Foundation Class (IFC) Model (ISO 2013). Many commercial software systems
currently support the exchange of information in IFC version “2x3”. In 2013, the
model was updated to version “2x4” or simply “IFC4.”

Building Models

Standardized data repositories, in fields of study other than building informatics,
contain thousands of banks of scientific data sets and test cases (Marcial 2010).
The first open repository for building information was established at the Univer-
sity of Auckland (Amor 2010). Much of the contribution to this initial repository
came from buildingSMART international, whose sample models have tradition-
ally focused on software-unit testing for specific building information, such as the
geometric representation of steel connection details. To support the development
of an overall facility control framework, this project developed a new repository of
building information models called the “Common BIM Files” (East 2012). For
three buildings, a set of related model files were developed.

The three models correspond to facilities found in many residential, com-
mercial, and campus settings (Johnson 2011). The smallest model was developed
from a duplex apartment building design introduced to the United States in
December 2009 (East 2012). The IFC 2x3 Coordination Model View Definition
file for the duplex apartment building is shown in Figure 12-1. The second model
was created from standard drawings and criteria for a two-story office building
(USA 2013). The third model was created from a redacted set of construction
drawings for a medical/dental clinic. Redacted operations and maintenance
manuals are also provided with this clinic model.
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Figure 12-1. Duplex architectural model.

The number of architectural elements in these three models is shown in
Table 12-1. During this effort, some problems were encountered with inappro-
priate mapping of native authoring tool objects to higher-order objects in the IFC
model. Some details of these issues, for readers familiar with IFC modeling, are
addressed in the following paragraphs. For example, the count of IfcFurnishin-
gElements contained both furniture and casework, which a typical designer,
builder, or owner would consider to be different classes of object. Similarly,
ifcFlowTerminals contained all plumbing model objects regardless of their
capacity as actual flow terminals. For example, toilet grab bars and bathroom
mirrors were incorrectly exported as ifcFlowTerminals by the commercial design
software used to develop these models.

Table 12-2 summarizes the objects from the Mechanical-Electrical-Plumbing
model files of the Duplex Apartment project. These models were also developed
using IFC 2x3. Due to changes between IFC 2x3 and IFC4, several objects in
the current model are mapped to entities depreciated in IFC4. For example,

Table 12-1. Count of architectural model object types

Duplex Office Clinic
ifcSpace 22 99 269
ifcDoor 14 102 254
ifcWindow 22 69 71
ifcFurnishingElement 61 7 118
ifcFlowTerminal 105 31 3155
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Table 12-2. Summary content count of MEP models

Duplex Office Clinic
IfcEnergyConversionDevice 16 3 16
ifcFlowController 6 12 173
ifcDistributionControlElement 2 0 5
IfcFlowMovingDevice 4 25 154
IfcFlowStorageDevice 0 1 3
IfcFlowTerminal 105 1456 3155

IfcEnergyConversionDevice includes both electrical transformers and air-cooled
chillers. The more precise mapping in IFC4 would have required these objects to
be exported as ifcTransformer and ifcChiller objects. Several other components
that might have been better mapped to more precise object types are found under
the depreciated IFC 2x3 object ifcFlowMovingDevice. These include Variable Air
Volume (VAV) boxes, air handling units, and fans. Probably the most over-
specified type in the IFC 2x3 models was IfcFlowTerminal, which included air
diffusers, electrical receptacles, fire sprinklers, and lights. Other objects were more
appropriately mapped. For example, valves and strainers were both correctly
mapped to ifcFlowController objects.

Since the initial publication of the models in 2010, progress has been made by
software vendors to create models whose information matches that found on the
equivalent contact drawings. This progress has been, in part, due to the publica-
tion of a series of these three models models. The improvements made to design
software exports can be found in the sample files submitted by software vendors
participating in buildingSMART alliance Challenges.

Tool Kit

In addition to having a common set of test models for this project, the team also
developed a common software tool kit based upon bimserver.org (Beetz 2010).
This tool kit meets several important criteria that promote its use as a research and
practice instrument. First, the performance of the tool kit has been benchmarked
against large building models. Thus, techniques developed for research purposes
may scale to realistically sized projects. This is important since the underlying
platforms of many research prototypes are unable to scale for production. Second,
the tool has attracted talent from practitioners and researchers who want to use a
building-information server without having to invest the time to develop under-
lying functionality outside their main research objectives. Next, an open-source
development platform provides transparency and repeatability — hallmarks of
high-quality scientific research. Finally, the licensing of the bimserver.org allows
the tool to be used for both research and commercial applications. Both the size of
models allowed and the scope of server licensing may help research outputs to be
more quickly used by their intended beneficiaries.


bimserver.org
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The first contribution to bimServer.org made during this project was to
transform and test building information submitted against Construction Opera-
tions Building information exchange (COBie) specification (East 2013). The
purpose of COBie is to exchange information about managed and maintained
assets during the life of a project. Specific sets of building information, such as
those needed for construction handover, are defined in the United States National
Building Information Model Standard as subsets of the overall IFC standard.
These IFC subsets are called Model View Definitions (MVDs). All MVDs apply
the same underlying IFC model representation to solve their specific problem. The
difference between model views may be characterized by the list of included
objects, their required level of detail, and business rules that enforce specific
characteristics required by the associated business case.

Differences between MVDs may be found, for example, when comparing the
Coordination Model View Definition and the MVD found in the COBie project
(which will be referred to simply as COBie). These differences arise because the
Coordination View contains information needed to detect geometric collisions
while COBie contains information about managed assets. Clearly there are some
aspects shared by both data sets. For example, concepts for facilities, floors, and
equipment are shared. But there the similarity ends. The Coordination View
includes structural elements, architectural walls and details, plumbing piping and
fixtures, and Heating, Ventilating, and Air Conditioning (HVAC) piping, ducts,
and equipment. Of all of those objects, only the spaces, plumbing fixtures, and
HVAC equipment (and similar products) are necessary to catalog the managed
assets required by COBie.

The level of detail in the Coordination View also differs from that needed in
COBie. The Coordination View contains the detailed geometry of each item in its
data set. Information about the geometry of material layers, such as insulation
thickness on structural and fluid-distribution elements is also in the Coordination
View. COBie, as a catalog of managed assets, does not require such specificity. The
only geometric concept in COBie is that of spatial containment. Containment
information in COBie is required to ensure that the building occupant is able to
find the physical location from which each asset is maintained.

Finally, there are differences in business rules that define the quality of the
information in the two model views. The Coordination View only requires that
there be a globally unique identifier for each object. COBie, on the other hand, is
intended for human uses related to facility operations, maintenance, and asset
management. As a result, the COBie business case requires the names of all COBie
assets to be unique. Without such stringent requirement, a service order that says
“Change the oil in Compressor-05 in Room 003” would be ambiguous.

MVDs specify the information content required to streamline a well defined
business processes but do not, necessarily, mandate the physical format of how
that information is delivered. The default format for an MVD is the IFC STEP
Physical File Format (SPFF). Not all computer programmers and users will be
interested in learning the details of SPFF. A key innovation of the United States
National BIM Standard (NBIMS-US) is that formats other than SPFF are
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acceptable if non-ambiguous mappings can be defined. Given that the eXtinsible
Markup Language (XML) is the cornerstone for the majority of current cloud
computing applications, NBIMS-US has allowed mappings to a variety of
XML-based schema. For example, COBie data may be prepared in any one of
three XML-based schemas. ifcXML transforms STEP files directly to XML
according to rules developed by the STEP community. While this format is
recognized by buildingSMART international, it has not gained wide acceptance
due to the size and complexity of the required schema. The next format is a
National Information Exchange Model (NIEM) compliant XML schema suitable
for programmers who may not want to learn the details of SPFF but who are eager
to use facility asset information provided in a clean XML schema with an existing,
United States user base. The simplicity of this XML schema led the authors to
name this style of presentation “COBieLite.”

Since COBie information needs to be verified and checked by people, a
practitioner-accessible XML format for COBie data has also been provided.
SpreadsheetML is an XML-based spreadsheet schema used by commercial
spreadsheet software. It is often the case that those learning about COBie consider
SpreadsheetML to be the standard, this is not the case. COBie is a specification of a
required set of data about managed assets. Data meeting the COBie specification
may be presented in SPFF, ifcXML, COBielite, or SpreasdsheetML.

Regardless of the presentation format, the ERDC Tool kit is able to transform
between these formats. The translation mappings are published both in the COBie
Responsibility Matrix (East 2011) and the COBie standard published in NBIMS-
US V3. These transformations ensure that SPFF files converted to other formats
have zero loss of the information required by the COBie specification. This does
not, however, mean that the files are perfectly the same. Small differences arise due
to schema mapping rules because some schema contain information not needed
by other schema. For example, in SPFF, the Globally Unique Identifiers’ (GUID)
of some linking objects are not maintained when that information is transferred to
XML-based formats. Such differences are outside the scope of COBie require-
ments since the underlying asset information is not affected. Software vendors
who have extended their Coordination View files to include COBie have also used
the tool kit to filter out geometric information in the Coordination View that is not
required in COBie. While it is possible to have COBie information transformed
between XML-based and SPFF presentations, the contents of that transformation
are based on the requirements of the COBie business case alone.

The tool kit’s second application was to evaluate the format and referential
integrity of files submitted for testing against the COBie specification. The tool kit
has been used by over two-dozen commercial software systems to verify COBie
compliance. Verification and validation rules in the tool kit are represented using
the Schematron Definition Language (ISO 2006), a royalty-free standard from the
International Organization for Standardization (ISO). Schema standardization
efforts such as the US National Information Exchange Model (NIEM) use
Schematron to represent complex validation rules for XML documents. Develop-
ing rules based on an established validation language, as opposed to hard-coding
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the rules into the toolkit applications, provides more opportunities for collabora-
tion and extensibility.

With the development of a common set of building information models, and
the tool kit as the basis for working with those models, the team set about defining
the information needed to effectively manage the natural resources used in a
facility. This effort began with the evaluation of the expected resources required
for the facility to perform its mission. Systems supplying heating, cooling,
electricity, and water were also defined. One final model view was also required
to capture information generated by building automation and sensor systems.
The paragraphs below describe these efforts.

MODELING RESOURCE REQUIREMENTS

Building requirements are specified during the planning and architectural pro-
gramming phase of a project. Discussions between owners, planners, and archi-
tects document the activities that are to take place within the facility. The
architectural program is a set of information that describes one specific approach
to meeting the needs of these activities. The most common artifact produced
during the programming stage is the Room Data Sheet. The details provided with
each room are, to a large degree, governed by the sophistication of the owner.
Large owners will often have complete templates for the requirements of each type
of space; smaller owners will not. The open standard specification of building
programming (Jerving 2011) has been demonstrated in several public building-
SMART alliance meetings. The name of this specification is the Building Pro-
gramming information exchange (BPie).

The typical set of programming information is not, however, sufficiently
defined to describe the use of water, electricity, and other natural resources needed
to enable the required activities. Additional necessary information includes the
occupancy of the facility and parameters describing resource consumption
(Chasey 2012). Occupancy information includes the building code classification
of the facility, the various types of occupants using the space, and the expected and
peak usage duration of these occupants. Parameters for required resources based
on those occupancy levels were developed for water, electrical power, HVAC, and
lighting. These parameters are applied based on relevant building codes and on the
equipment installed in each building space. Properties mapping these parameters
to specific equipment were identified in Kalin (2013) and (Fallon 2012).

MODELING RESOURCE-INTENSIVE SYSTEMS

Given the widespread interest in issues related to sustainability and energy
modeling, this project focused on design disciplines whose systems require the
ongoing use of natural resources within the built environment. The systems
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selected for investigation under this project, therefore, were the HVAC system
(Hitchcock 2012a), the domestic and waste water distribution systems (Chipman
2013b), and the interior electrical distribution system (Chipman 2013a). For each
project, business-process models documented the information exchanges needed
to support the coordinated design stage of a project. Teams of subject-matter
experts and practitioners validated each result. These process models were
developed using Business Process Modeling Notation (BPMN) (OMG 2011) to
ensure that the resulting work would be compatible with requirements for
submission of this information to the NBIMS-US. Each process model was
organized into “swim lanes” according to responsible party. The owner, architect,
design consultant, and product manufacturer each had its own swim lane. Within
a given lane, the level of detail of the tasks differs from that of the level of definition
in Critical Path Method (CPM) schedules. The level of detail required for these
process models only defined activities that produced or required information to be
consumed or produced by others in the process.

Figure 12-2 provides an example business process model describing the
actions and information needed for HVAC schematic design. The overall project
contained several such process models. For the HVAC schematic design process,
three horizontal bands (swim lanes) were needed to model the business process at
the appropriate level of detail. The bottom lane contains those activities accom-
plished by the architect. Of course, the architect does many other types of
activities, but only the activities shown in Figure 12-2 are those related to the
HVAC schematic design process. The top lane contains activities completed by the
HVAC consulting engineer. To emphasize that the purpose of this business
process model is to identify information flows, a middle lane modeling these
information flows is added to the diagram. This middle lane explicitly names each
set of information provided by the architect to the consultant and identifies those
information objects that are required, or are produced as part of the HVAC
schematic design process.

sLames VAL Designer

«Pocis HVAC Sy siem Dsigs
Lanas Dats Kz hunge

slanws Architect

Figure 12-2. HVAC schematic design process model.
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The goal of the process-modeling effort is not to develop a comprehensive
model of everything, but for subject-matter experts to articulate the minimum sets
of information needed to achieve the specific objectives of the project at hand. In
the case of the HVAC schematic design process, subject-matter experts identified
seven of thirteen information exchanges as the minimum set of required infor-
mation. Three of the omitted exchanges pertained to the documentation of design
requirements and intent. The three other exchanges provide reports of HVAC
design to other, related business processes.

Once a set of process models was complete, the contents of all information
exchanges were documented and collated. For most exchanges, there are similar
sets of information needed to support different processes. For example, informa-
tion about name of the project and general layout of the building is a set of
information created by an architect and then reused in many exchanges. For a
given modeling project, the collated set of process models and exchange require-
ments is called, in the context of the buildingSMART, an Information Delivery
Manual (IDM). The buildingSMART alliance does not currently maintain a
master list of exchange requirements developed for multiple projects.

The next steps were to begin mapping these exchange requirements into the
underlying IFC data model specification. The compiled set of these specifications
for a given purpose is the MVD.

Once the specifications were completed, a test of the ability of commercial
software to produce conformant IFC files was accomplished for the HVAC (Hitch-
cock 2012b), water (Fallon et al. 2013a), and electrical (Williams 2013) system.
Mustrations of MVDs for Duplex Apartment Building are shown in Figures 12-3
through 12-5. An early-stage design, such as that found in Figure 12-1, will include
both the architectural elements and the architect’s expected placement of lighting,
plumbing, and other products that provide the owner an idea of the final location of

Figure 12-3. Duplex HVAC model.
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Figure 12-5. Duplex electrical model example.

Figure 12-4. Duplex plumbing model.

such products. The final placement of HVAC, water, and electrical components are,
necessarily, updated by the specific design disciplines as the design progresses.
As the design passes from the architectural model to the coordinated design
stage, additional models are created for each design discipline. The design for the
heating and ventilation system of the duplex included the use of a combined
hot water heater used for domestic and heating purposes. The HVAC model,
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Figure 12-3, illustrates (1) each components of the HVAC system, such as
radiators and fans, (2) the assemblies of fans ducts and vents needed to provide
proper ventilation in bathrooms, and (3) the connections that allow thermal
transmission fluid to flow between the boiler and the radiators.

The duplex plumbing model, Figure 12-4, provides the detailed placement of
each plumbing fixture, as well as each of the two combination hot water and
heating boilers found in each of the two apartments. In addition to the placement
of the equipment, the connections between those components are shown with
one-inch water supply piping. The plumbing model provides a good example of
the need for multiple model views. While the architectural model, Figure 1, is able
to show a plumbing fixture as a single object, the model used for plumbing design
requires more detail. For example, the single model of a sink with a fixture and
drain must be modeled as three distinct parts: hot and cold water supply valves (or
combined valve) and waste drain. Such detailed modeling is required since the
capacity of each supply and waste water line is used to support pipe sizing and gray
water analysis.

The electrical model, Figure 12-5, provides the final location and properties of
electrical components such as receptacles, lighting, and appliances. As with the
plumbing model, detailed information is required to allow design work to proceed.
An electrical distribution panel, for example, must be modeled as an enclosure box
with individual circuit breakers. Specific properties of the conduit and wiring that
connects electrical devices is also required since, according to traditional design
practice, electrical raceways are typically not shown on contract drawings.

While modeling the geometry of individual components has been imple-
mented for many years in the Coordination View, modeling the connections
between these components and assemblies, until recent updates to commercially
available software, has not been practical. This is because physical connections
between pipes or ducts do not always close in actual design practice. Even if all
physical connections “touched,” the direction of flow could not be established with
geometric information alone. Connections in IFC are defined using ifcPort objects.
ifcPort explicitly identifies the upstream and downstream side of the connection.
The use of ports is required in each of the discipline MVDs. In the HVAC MVD,
ports are required on all equipment, valves, ductwork, and piping. In the plumbing
MVD, ports are required on all fixtures, valves, and piping. In the electrical MVD,
ports are required for all electrical devices. Properties sets on these ports define the
needed types of conduit and conductors for the circuit. Analysis of the capacity
of commercial software to support the requirements of these MVDs was also
conducted as an additional part of this project.

MODELING SENSOR SYSTEMS

In order to compare information about the actual behavior of a facility with its
expected behavior, another information-exchange format and an open standard
repository of sensor data needed to be created. The Building Automation
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Management information exchange (BAMie) was developed to link closed-loop
control data points to assets being measured. BAMie defines the components,
assemblies, and connections of a control system, and defines where sensor
components (that publish sets of data at a specified frequency) can point to
measurements of specific building components. BAMie does not specify the range
of values, or associated units, but does specify the IFC representation for
addressing in a variety of protocols such as the Open Building Information
Exchange (oBIX) (OASIS 2006), LONWORKS, and BACNET.

FACILITY CONTROL FRAMEWORK

When the project team stepped back from the discipline-specific details of each
MVD, and that of the sensor system model, a pattern of information emerged that
helped to guide the work that went forward. This pattern begins with the
specification (BPie) of the expected minimum requirements that the finished
facility must meet. Next, the components, assemblies of components, and systems
that support services meeting those requirements may be specified (i.e. HVACie,
Sparkie, and WSie). Finally, measurements about the performance of those
services (BAMie) may be captured by extracting information trapped in closed-
loop control systems. Table 12-3 summarizes the standards that comprise the
Framework Model.

During the development of the Table 12-3 specifications, information
from existing NBIMS-US was also re-used. The primary technical content of the
NBIMS-US V2 was the Construction Operations Building information exchange
(COBie) standard (East 2011). In the Building Programming information ex-
change (BPie) specification, information pertaining to room data sheets, spatial
requirements, required equipment, and finishes are expressed in IFC format.
Comparing COBie and BPie provides a good example how model views may be
created from similar shared underlying concepts. Both COBie and BPie share
ideas about spaces and equipment. BPie represents the plan for such assets. COBie
provides the as-designed and as-built results. There are, however, some differences
between COBie and BPie. One new modeling concept is required for BPie. That
concept is “Space Type.” Concepts in COBie related to maintenance, warranties,
and other handover information is also removed from COBie when creating BPie.

Table 12-3. Framework Model specifications

Content HVAC Electrical Water Sensor
Design Requirements BPie BPie BPie -
Components

Assembilies HVACie Sparkie WSie BAMie

Connections
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In the HVACie, Sparkie, WSie, and BAMie specifications, COBie MVD
information may also found by extracting information about the managed assets
found in each of these systems. For example, in HVACie information about a
chiller can be exported into a COBie MVD. Information about the components in
each of these systems, found in the COBie MVD, is a subset of the overall system
model. The system MVD also includes the assemblies of component into assets
such as chillers and electrical distribution boards. Also, the physical and logical
connections between these assets are defined. The application of the system-
specific MVDs within the context of both IFC 2x3 and IFC4 have been evaluated
and examples provided through the buildingSMART alliance.

The use of the Framework Model specifications, shown in Table 12-3, may
also be evaluated based on coverage of shared business process. An outline for life
cycle facility asset-management business processes was initially developed in East
2010. A follow-on study further specified and documented these exchanges, and
produced 25 exchanges that develop from owner’s planning documents through to
construction handover (Fallon 2013d). These exchanges were validated with a
group of subject-matter experts. The coverage analysis is provided in Table 12-4.
The first column of Table 12-4 provides this validated list of business processes.
These processes begin with publication of an owner’s standard room data sheets
and product requirements (Phases 01-03). The programming phase of the project
defines the requirements for the spatial and equipment assets to be delivered
(Phases 04-07). The design phase creates the documents required for builders to
meet those requirements (Phases 08-13). The construction phase completes the
owner’s requirements by the instantiation of the required engineered environ-
ments (Phases 14-25).

To compare the scope of each MVD, Table 12-4, in columns two through
seven lists each MVD in the Framework Model and identifies those project phases
addressed. BPie, in column two, covers information during the programming
phase. The system specifications, in columns three through six, were developed
based on the design phase only. The final project in the Framework Model, COBie,
in column seven, is the most mature in terms of process coverage. This difference
in coverage reflects the fact that COBie became a US National BIM standard in
2012. BPie, HVACie, WSie and Sparkie are being balloted in the NBIMS-US V3
round which is scheduled to be published in summer 2014. BAMie awaits vendor
implementation, but is likely to be balloted in the NBIMS-US V4 round.

CREATING A CONTROL CYCLE

If the units of measure of planned facility performance, as defined in BPie,
matched the units of measure of the sensor data, as captured through BAMie, then
a cycle that allows management control is possible. While the units of measure
(such as temperature, lumens, or occupancy) may match, the level of detail in the
information provided does not allow easy comparison. Building programming
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Table 12-4. Life cycle Phase coverage

Project Phase/MVD BPie HVACie Wsie Sparkie BAMie COBie

01 - Facility Criteria

02 - Design Specification
03 - Feasibility Study

04 - Project Definition

05 - Space Program X X
06 - Product Program X X
07 - Request for Proposal

08 - Design Early X X X X X
09 - Design Schematic X X X X X
10 - Design Coordinated X X X X X
11 - Design Final X X X X X
12 - Request for Proposal

13 - Inquiry Issue X
14 - Pre-Construction Plan

15 - Inquiry Issue (RFI) X
16 - Product Type Selection X
17 - System Layout X
18 - Submittal Package X
19 - Submittal Issue X
20 - Purchase Order

21 - Product Installation X
22 - Start-Up X
23 - Product Inspection X
24 - Punchlist Issue X
25 - Turnover Package X

specifications of building performance are based on blocks of time that represent
periods of activity, such as a five-day, forty hour work week. For example, general
overhead lighting in an interior office would be turned on at 0800 hours and
turned off at 1630 hours Monday through Friday (assuming the facility is located
in the United States). The actual information on lighting in that interior office may
vary significantly from that idealized work time. For example if the workers in the
office decided to come in at 0900 instead of 0800, but still work 8-hour days the
pattern of work might be considered to be the same.

Vacation days during the work week would also disrupt the expected sensor
data stream, but not the pattern of use of that interior office. Alternatively, if the
lights in the office were on all day, every day, then this deviation from the expected
pattern is likely to represent something other than the expected pattern of
electrical use in that office.
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The project team generalized three types of deviations in the patterns of signal
data that must be resolved when closing the control cycle. The team referred to
these deviations as “noise.” compared to the clean “signal” provided by the more
general pattern expressed in building programming data. The first type of noise is
a change in the intensity, or amplitude, of the sensor information when compared
with the planned usage. For example, the required temperature set-points in a
room may be 68 degrees Fahrenheit during the cooling season, but the actual
temperature measurement in the room will vary up and down. The second type of
noise is a shift in the start and end of the pattern. For example, an office worker
may start and end their day 15 minutes before or after scheduled duty hours. The
third type of noise is a change to the frequency of the signal. This type of noise is
most prevalent in building assets that are used for a short time by office occupants.
An example of the type of pattern that would generate frequency noise is the use of
a microwave or coffee pot in an office kitchenette.

To determine if it was possible to compare the clean signal of expected
resource use from the noisy information provided by sensor data, the team created
a test bed to conduct the analysis. Starting from an example stream of sensor data
that matches the expected data pattern perfectly, our team created simulated data
streams spanning the entire solution space of signal-to-noise ratio. A data-
cleaning and pattern-detection algorithm was created to determine if it would
be possible to evaluate the expected data stream when compared to that same data
stream at different levels of noise. This algorithm considers only individual sensor
data; the resolution of multiple conflicting sensors across multiple building
performance dimensions is not currently included in this analysis.

The algorithm contained four specific components: noise reduction, data
clustering, pattern classification, and anomaly detection (Bogen 2013). Intensity
noise reduction was accomplished through the application of Fourier transforms
and spectral subtraction. Frequency and shift noise were addressed through the
application of an unsupervised k-means clustering algorithm. Pattern classifi-
cation was accomplished through evaluating the difference between an incom-
ing pattern and the current pattern. The identification of differences was based
on a root mean square analysis. The threshold for identifying anomalous
patterns was a compromise between precision and complexity. As an example,
assume an occupancy sensor expects someone working a fixed schedule. If
that person enters the room five minutes before the typical schedule that will
likely not constitute a new pattern. If, however, the person enters the room two
hours after the expected arrival time, the detection of an anomaly should be
expected.

This algorithm performed well on data streams representative of assets that
use resources for an extended length of time, such as office lights. The algorithm
also performed well on data streams that were representative of assets that were
consistently turned on several times during the day for an extended period of time
during each use, such as chillers and boilers. The algorithm did not perform well
on data streams representing assets used frequently during the day but whose time
of use is very short (Bogen 2013).



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

322 BUILDING INFORMATION MODELING

DISCUSSION

Delivery of a Facility Control Framework, from the point of view of the facility
user, should be as simple as providing the needed information and analysis
routines on electronic storage media ready to be plugged into to the building
sensor feeds defined in the model. At the start, the Framework would pre-
populated with the signal analysis routines based on the expected patterns of
occupancy defined during programming through commissioning. Once the
occupants move in, the algorithm learns the actual behavior of the building
occupants and learns these patterns. In operating such a facility, the facility
manager would respond to changes between the expected and actual behavior of
the facility and not alarms based on fixed sensor set-points.

The realization of such a vision requires that the information produced
during the facility life cycle be compatible with the specifications identified in
Table 12-3. To promote the ultimate creation of this framework, BPie, HVACie,
Sparkie, and WSie formats have been submitted for consideration under balloting
of the NBIMS-US V3. These specifications were balloted since implementation
examples could be created, with a high degree of success, directly from existing
design software (East 2012a).

One expected side-effect of creating a domain-independent facility control
framework is that practitioners may look to use these new specifications to solve
questions tangential to the designed scope of the framework’s standards. Examples
of such behavior can be found today for existing building information model
standards. The Coordination View and the COBie standards have both been subject
to out-of-scope use. For example, the “round-tripping” of Coordination View files
goes beyond the scope of Coordination view, which was created to only export and
compare building geometry. In the case of COBie, international examples that
require asset geometry and pipes or ducts exceed the scope of COBie, which was
created for the exchange of managed assets and spatial containment only.

Repurposing existing model standards may or may not be successful,
depending on the amount of overlap between that specification and the practi-
tioner’s problem. Given that off-scope uses are to be expected, the authors
conducted several studies to determine the brittleness of this framework. These
studies were conducted concurrently with the development of the framework’s
standards. Since the full framework was not in place at the time these projects were
undertaken, the analysis was limited to examples that evaluated the managed
assets within the standards.

Automated LEED Data Preparation

The first of these studies investigated if a facility asset model compliant with the
COBie standard could be augmented with information required to fill in LEED
assessment checklists (Biswas 2012). Through a process of data mapping between
the LEED data forms and the facility asset model specification, the additional
information needed to meet LEED requirements was identified. The additional
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information needed constituted, with one exception, attributes related to the
design of the facility that would not be expected in a simple model of building
assets. For example, the COBie.Facility object is augmented with occupancy
information as a COBie.Attribute object or, in terms of the IFC standard, the
simple addition of a custom ifcPropertySet. COBie.Type objects were also aug-
mented with information about recycled content. The conclusion of this project
was that an analysis tool that determines the existing quality of data from a
building information model, provided in COBie format, and allowed augmenta-
tion of that model to support LEED, would reduce the time required for LEED data
collection by 45%. A similar study was also commissioned to successfully demon-
strate the viability of using an IFC 2.3 Coordination View building model to create
“green building XML” (gbXML) formatted data (Nisbet 2008).

Automated Total Cost of Ownership Analysis

The another study investigated the way in which a building-asset model compliant
with the COBie standard could be augmented to evaluate Total Cost of Ownership
calculations based on expected resource utilization (Florez 2011, Nisbet 2011). In
this study, the heating and lighting system of the duplex apartment model were
evaluated based on the expected utilization of the facility as either a residence or as
an office. In these scenarios, differences in predicted space utilization were used
to develop cost curves that predicted the annual operating expense of that system.
A COBie file at handover will contain the location and count of all energy-
conversion devices and identify the required maintenance for each type of device
in the building. Additional information needed for each alternative type of
product is (1) installation, replacement, and labor costs for maintenance, (2) prod-
uct life expectancy, and (3) resource use efficiency. The detailed specification of
such information across multiple product types is described in Chasey 2012.
Contextual inputs included (1) planning horizon, (2) building use, (3) cost of
power, (4) labor and material inflation rate, and (5) energy inflation rate. With this
additional information, a new model or study was not needed; this supplement to
the existing building asset model allowed a simple engineering economic
calculation.

Tenant Management

In many campus settings, organizational power is established by the number of
facilities and or spaces under the control of a given department or business unit.
While the needs of the overall organization may change over time, the precedence
and prestige associated with managing a specific set of spaces may result in some
groups needing more space and others needing less. Anecdotal evidence suggests
that such behavior, without relevant controls, results in infrastructure overcapac-
ity. This is because there is a limited ability of tenant managers to assess the actual
usage of each assigned space. The framework described in this paper may
be directly used to identify those spaces that are not being used as designed.
Given common information about anomalous space utilization, management
decisions about space reallocation may be rationalized.
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Critical Infrastructure Management

Closed-loop control systems incorporate alarms that trigger based on set-points
established at system commissioning. Only during an extensive facility recom-
missioning process are these set points adjusted. As a result, many facility
managers report frequent “false positive” alarms. Annoyance leads to habituation,
with operators ultimately ignoring (or even disconnecting) these alarms (Reason
1990). Such natural human behavior is extremely dangerous in the management of
critical infrastructure, as noted by the following example. For years, as many as
200 false-positive intrusion-detection alarms per day were encountered at a facility
at the Oak Ridge National Laboratory. These alarms were the result of deer and
squirrel activity on warning tracks outside and inside the facility’s fence line. The
case in question occurred when the alarms were sounded by three elderly
protesters who cut through two security fences with bolt-cutters carrying banners
and paint cans. These protesters proceeded to deface one of the most sensitive
buildings in the United States Government facility inventory (Priest 2012). The
proposed building-control framework, had it been in place, should have been able
to learn the pattern of alarms from squirrels and deer over time and alarm on a
new pattern: protesters with bolt cutters.

Integrated Delivery Process

The validation of a new signal-processing algorithm (Bogen 2013) alone will be
insufficient to motivate owners and practitioners to change software versions, and
associated configuration and workflows, to provide the required standard facility
information. While it is possible for large owners, such as government agencies, to
mandate the delivery of such information, enforcement of such requirements is
limited without an estimate of the impact of the process changes to deliver such
information (London 2011). The author’s efforts to apply lean methodology, using
value-added analysis techniques for construction submittal processing (East
2011), have been applied more broadly through the development of a calculator
to evaluate the delivery of asset information through the project life cycle (Fallon
2013). The results of this COBie Calculator study indicated that over 90% of
non-value-added costs related to facility asset information exchanges may be
eliminated.

CONCLUSIONS

Prevailing efforts related to building information modeling reflect the need to
deliver facility information through a project’s life cycle (East 2010). Streamlining
the delivery of discipline-specific building information alone is, however, insuffi-
cient to the support the increasing demands placed on our built environment.
This project has provided the framework for, and demonstration of, a domain-
independent facility control framework that defines how resources required to
support the mission of the facility compare with the actual behavior of the facility.
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The data-mining and pattern-matching algorithm developed in this project was
demonstrated to be effective for the majority of fixed assets found in typical
facilities. This framework was also extended to demonstrate that additional types
of building analysis, currently conducted in a stand-alone, stove-piped manner,
can be conducted directly with virtually the same underlying building informa-
tion. If the proposed framework is available by the adoption of NBIMS-US V3,
then the cost of adding new social and engineering considerations to the daily jobs
of designers is simply the cost of adding new data to the framework, not the
creation of new design disciplines.

In addition to the contribution made by the domain-independent facility
framework introduced in this paper, the methodology used for this project has also
become a contribution in its own right. The building information models
produced as demonstrations of a facility’s information life cycle are available
through the buildingSMART alliance under Creative Commons License. These
models have been directly used to evaluate the quality of commercial software
compliance with the United States National Building Information Model
Standard. Educators have also used these models within their coursework. The
Tool Kit developed through this project has also become widely used to transform
and check models submitted for testing as part of the United States National
Building Information Model Standards. Finally, the methodology used to predict
the benefit of the life cycle delivery of building information model provides a
validation methodology for projects whose benefits stem from process-based
productivity improvements.
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CHAPTER 13

Building Information
Modeling: Analyzing
Noteworthy Publications
of Eight Countries Using
a Knowledge Content
Taxonomy
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Abstract: Building Information Modeling (BIM) tools and workflows have the
potential to significantly improve the efficiency of design, construction and opera-
tion activities. Numerous BIM deliverables and their respective requirements have
been widely discussed by industry stakeholders. This is evidenced by the intensity of
online communications surrounding BIM topics and the accelerating availability of
noteworthy BIM publications (NBP)s. NBPs are publically-available industry
documents incorporating guidelines, protocols and requirements focusing on BIM
deliverables and workflows. These publications are the product of various govern-
mental bodies, industry associations, communities of practice and research institu-
tions, intended to facilitate BIM adoption, and realize BIM’s value-adding
potential.

A specialized taxonomy is employed to analyze 57 noteworthy BIM publica-
tions from across eight countries selected for their active BIM scene. The BIM
knowledge content (BKC) taxonomy includes three knowledge content clusters
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(guides, protocols and mandates) subdivided into 18 knowledge content labels (e.g.
report, manual, and contract). Ten of these content labels are used to analyze and
compare publications from Australia, Denmark, Finland, the Netherlands, Norway,
Singapore, the United Kingdom, and the United States. Preliminary content
analysis is then performed which provides insight into the availability and
distribution of BIM knowledge within noteworthy BIM publications. The analysis
identifies knowledge gaps within publications and highlights opportunities for future
research and complementary publication efforts.

This chapter contributes to organizing BIM knowledge as contained within
numerous noteworthy BIM publications and - by that - facilitates targeted access to
their content. It provides a knowledge repository for construction industry stake-
holder’s to utilize during BIM implementation and a research base for investigators
seeking to identify and address knowledge gaps across the BIM domain.

INTRODUCTION

The escalating coverage, connotation and impact of BIM concepts and tools have
led to the proliferation of BIM-focused publications. Industry associations,
governmental bodies and academic communities across several countries are
increasingly developing and releasing a variety of BIM strategy documents, BIM
adoption reports, data exchange standards, and model-based collaboration pro-
tocols. These noteworthy BIM publications (NBP)s include significant knowledge
and structured guidance relating to BIM implementation, project delivery and
team collaboration. However, the BIM knowledge contained within these docu-
ments is rarely analyzed as a whole or labeled accurately as to reflect their true
benefit and intended use. Within numerous NBPs (refer to Table 13-1), many
terms - e.g. BIM protocols, BIM guidelines and BIM standards — are either used
interchangeably or without qualification. The knowledge content of these NBPs is
thus often masked by the documents’ surrogates (e.g. titles and headings) and
difficult to identify and benefit from. This ambiguity necessitates a knowledge
content identification and organization approach that (a) shifts attention away
from potentially uninformative publication titles and towards their actual knowl-
edge deliverables, and (b) facilitates content analysis, comparison and further
development.

IDENTIFYING NOTEWORTHY BIM PUBLICATIONS

Noteworthy BIM publications (NBP)s are publically-available documents
developed by various academic, governmental and industry entities, aimed at a
wide audience, and intended to promote BIM understanding, regulate BIM
implementation or mandate BIM requirements. These publications encapsulate
extensive BIM-focused knowledge, represent significant domain expertise and
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Figure 13-1. Conceptual derivation of Noteworthy BIM Publications using the BIM
Framework.

are a substantial effort within the BIM domain. To assist in identifying NBPs and
informing the selection process, the authors employed explicit ontological struc-
tures from the BIM Framework (Succar, 2009) as represented in Figure 13-1.

The BIM Framework and its ontological structures are intended to organize
domain knowledge and facilitate its understanding. Figure 13-1 explores how
noteworthy BIM publications are derived from the interaction of BIM fields and
BIM lenses:

o NBPs are documents (i.e. not websites, blogs or similar);

o NBPs reflect BIM knowledge (i.e. publications focused on BIM skill are
excluded);

o NBPs are the deliverables of BIM players (i.e. publications delivered by
players from other industries are excluded);

o NBPs cover relevant BIM topics (i.e. publications covering pre-BIM topics are
excluded);

« NBPs are macroscopic (i.e. documents aimed at small groups of practitioners
or students are excluded); and

o NBPs are selected and organized by country of origin (i.e. NBPs developed
across several countries are excluded - e.g. Inpro-EU', IDDS” or bSI®).

'Open Information Environment for Knowledge-Based Collaborative Processes throughout the
Lifecycle of a Building, please refer to http://www.inpro-project.eu/main.asp

’Integrated Design and Delivery Solutions, please refer to http://www.cibworld.nl/site/programme/
priority_themes/integrated_design_solutions.html

*buildingSMART International and their varied noteworthy publications, please refer to http://www
.buildingsmart.org/


http://www.inpro-project.eu/main.asp
http://www.cibworld.nl/site/programme/priority_themes/integrated_design_solutions.html
http://www.cibworld.nl/site/programme/priority_themes/integrated_design_solutions.html
http://www.buildingsmart.org/
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Using the framework-based delimitation, NBPs include numerous types of
published documents spanning industry initiatives, peer-reviewed journals, self-
published books and other noteworthy publications. However, for the purposes of
targeted analysis, this chapter focuses exclusively on publications developed by
governmental bodies, industry associations, research institutions and communi-
ties of practice.

The next section identifies a preliminary list of 55 NBPs from across eight
countries and provides a succinct summary of their contents. These NBPs have
been selected by analyzing a number of discussions conducted by/with subject
matter experts (SME)s - including:

o Recommendations by industry experts identifying the relative importance of
NBPs in their daily work;

« Prominence of individual NBPs in web searches when using keywords similar
to “BIM guidelines USA” and “BIM standards Australia”; and

o The apparent frequency certain NBPs are referenced in online discussions
similar to those conducted within specialist LinkedIn groups (e.g. BIM
Experts group and BIM Consultants group).

IDENTIFYING NBP FROM EIGHT SELECTED COUNTRIES

Using the ontological structures presented in Figure 13-1, Table 13-1 in the
appendix is a non-exhaustive list of 57 noteworthy BIM publications from across
eight countries selected for their active BIM scene. Table 13-1 introduces a
preliminary list of noteworthy BIM publications, all intended by their authors to
guide BIM implementation and improve workflows and deliverables across
the construction lifecycle. It includes a descriptive summary of each publication’s
knowledge content. Identifying Table 13-1 as preliminary reflects the risk
in inadvertently excluding equally-noteworthy publications. Additional effort
will be needed to identify supporting selection metrics (Kassem, Succar and
Dawood, 2013) and to collect data confirming the noteworthiness of listed BIM
publications.

Before introducing a specialized taxonomy to classify and analyse these
publications, it is important to first explore the importance of well-structured
taxonomies in organizing domain knowledge.

USING TAXONOMIES TO ORGANIZE KNOWLEDGE CONTENT

Taxonomies are an efficient and effective way to consolidate knowledge (Reisman,
2005). A well-structured taxonomy allows “the meaningful clustering of experi-
ence” (Kwasnik, 1999 - Page 24) and are “a means toward a number of different



Downloaded from ascelibrary.org by ASIAN INSTITUTE OF TECHNOLOGY on 12/08/18. Copyright ASCE. For personal use only; all rights reserved.

BUILDING INFORMATION MODELING: ANALYZING NOTEWORTHY PUBLICATIONS 333

ends; one of these ends is providing direction and/or guidance to expansion or
generalization of knowledge” (Reisman, 1988 - page 216).

Taxonomies originated in biological sciences (Hedden, 2010) and have been
used for organizing knowledge in varied domains. For example, taxonomies have
been used to facilitate information interoperability and retrieval (Cheng et al.,
2010); define semantic conflicts in business databases (Kashyap and Sheth 1996);
organize virtual worlds (Milgram and Kishino, 1996); classify diseases (Burgun
and Bodenreider, 2001); and categorize human errors in train accidents (Reinach
and Viale, 2006). Also within the construction industry, several taxonomies have
been developed to organize domain knowledge. For example, Zuppa and Issa
(2008) explored a taxonomy documenting the prioritized interests of stakeholders
and aligning their interests; El-Diraby, Lima, and Feis (2005) presented a
taxonomy for construction management; Sun and Meng (2008) developed
taxonomies covering change causes and change effects in construction projects;
Garrett and Teizer (2009) presented a taxonomy-enabled educational system for
the classifying and analyzing human errors affecting construction safety; and
Wang and Dunston (2011) developed a user centric classification of Mixed Reality
(MR) approaches within the construction industry.

As a knowledge organization system (Hedden, 2010), taxonomies play
an important role in clarifying complex topics and facilitating understanding.
The next section introduces a specialized taxonomy that assists in understanding
the deliverables of noteworthy BIM publications and comparing their knowledge
contents.

THE BIM KNOWLEDGE CONTENT TAXONOMY

There are numerous noteworthy BIM publications covering a large number of
overlapping BIM topics. The knowledge contained within these publications may
be masked by the document’s chosen title and inconsistent use of terminology
across different documents. To facilitate access to the knowledge contents across
noteworthy BIM publications and enable their comparison and analysis, this
chapter introduces the BIM Knowledge Content (BKC) taxonomy. The BKC
taxonomy is derived from explicit ontological structures of the BIM Framework
(Succar, 2009) (Succar, 2013) as described in Figure 13-2:

As described in Figure 13-2, the BIM Knowledge Content taxonomy includes
three knowledge content clusters — Guides, Protocols and Mandates:

o Guides: documents which are descriptive and optional. Guides clarify goals,
report on surveys/accomplishments or simplify complex topics. Guides do
not provide detailed steps to follow to attain a goal or complete an activity.

o Protocols: documents which are prescriptive and optional. Protocols provide
detailed steps or conditions to reach a goal or deliver a measureable outcome.
While documents within this cluster are prescriptive, they are optional to
follow unless dictated within a Mandate (see next cluster).
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Figure 13-2. The BIM Knowledge Content taxonomy — Mind Map.

« Mandates: documents which are prescriptive and dictated by an authority.
Mandates identify what should be delivered and - in some cases — how, when
and by whom it should be delivered.

Each of the knowledge content clusters includes a number of knowledge
content labels to identify and delimit specific knowledge types. Table 13-2 in the
appendix lists the 18 labels and provides a summary of their BIM-specific
definitions.

The BKC taxonomy explored in Table 13-2 includes three content clusters
and eighteen content labels. These clusters and labels facilitate the examination of
noteworthy BIM publications by “[shifting] the focus of perusal and interaction
away from potentially uninformative document surrogates (such as titles, sentence
fragments and URLs) to actual document content, and uses this content to drive
the information seeking process” (White, Jose and Ruthven, 2005 - page 1). Also,
by defining a common vocabulary to identify knowledge contents (Holsapple and
Joshi, 1999), the BKC taxonomy is able to organize a large extent of disjointed
domain knowledge into a structure that is useful, accurate and trustworthy (Forze
and Di Nuzzo, 1998).

Analysis of BIM Publications Using Knowledge Content Taxonomy

The BIM knowledge content taxonomy includes 18 content labels intended to
analyze the BIM knowledge contained within publications and other knowledge
sources. Ten of these labels have been chosen from across the 3 content clusters
and applied to the 57 noteworthy BIM publications from eight different countries
(Table 13-1). The distribution of these content labels is explored in Table 13-3 in
the appendix.
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The 57 noteworthy BIM publications analyzed in Table 13-3 include a
substantial sum of specialized BIM knowledge. However, the coverage and
distribution of this BIM knowledge varies significantly across the eight countries.
Table 13-4 shows the quantities and types of BIM knowledge content labels
identified within the 57 noteworthy BIM publications from eight countries.

Using Tables 1, 3 and 4 as a guide, the following paragraphs provide a succinct
analysis of the BIM knowledge content available to stakeholders within each
country:

Australia

As indicated by surveys and workshops conducted within the last few years, BIM
tools and workflows are increasingly being adopted across the Australian con-
struction industry (BEIIC, 2010) (buildingSMART, 2012). These surveys however
do not clarify BIM adoption rates across all disciplines or the quality/consistency
of BIM deliverables.

Using the Noteworthy BIM Publications as an indicator, NBPs emanating
from Australia show an abundance of reports discussing the benefits, risks and
challenges of BIM implementation. While many of these publications overlap in
arguing the case for model-based workflows and suggesting roadmaps for
industry-wide adoption, only a few publications provide implementation steps
or detailed protocols for industry practitioners to follow. These represent a
handful of seed BIM specifications and procedures (AMCA, 2012) (NATSPEC,
2011) (ANZRS, 2011) which have been developed and highlight significant
knowledge gaps that still need to be addressed. For example, Australia’s NBPs
do not include a BIM-ready classification system - similar to UniClass2 (UK) and
OmniClass Table 21 (US) - which is key for uniform exchanges of model objects,
cost information and other metadata.

Tables 13-3 and 13-4 also identify a lack in mandates - typically developed by
governmental units or large client bodies — that define BIM requirements and thus
encourage BIM adoption. With the absence of such mandates, industry associa-
tions and advocacy groups — not governmental bodies - are still the main players
who are “actively driving the development of standards and protocols for the
generation and exchange of building information” (CIBER, 2012, page 19).

In summary, the unequal distribution of NBPs across the three content
clusters highlights a fundamental challenge facing industry stakeholders in
Australia: overlapping guides, insufficient protocols and a complete lack of
governmental mandates.

Denmark

Denmark is one of the first countries to actively develop BIM guidelines and
protocols. Their earliest version of their BIM guidelines called BIPS (BIPS, 2008)
was released in 2007. Also, BIM deliverables were partially mandated on public
sector projects worth more than DKK 40M ($7M) and architects, engineers and
contractors working on government projects were required to use a number of
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new digital routines, approaches and tools (Kubba, 2012). Additional guidelines
for digital collaboration between stakeholders were issued in 2008 (refer to DK 05
in Table 13-1). A simple analysis of the time each guide and mandate was issued
indicates a steady process of developing guidelines and mandating BIM on
projects of increasingly smaller value over time. Indeed, in 2010, BIM was
mandated on all projects worth more than DKK 20 M ($ 3.5 M), a 50% drop
from the previous threshold of DKK 40M ($7M) (refer to DK 06 in Table 13-1).
Moreover, this already low threshold was further decreased following the decision
of the Danish Government to mandate BIM on all central government projects
worth more than DKK 5M ($ 870K) (Building SMART, 2011b). Also, the Danish
Digital Construction initiative (refer to DK 06 in Table 13-1) specified that
stakeholders working on public construction projects should use the following
four means: (1) electronic tendering submission system based on a specified bill
of quantities and a portal for submitting tenders; (2) a project web environment
for participants to share project data and exchange documents, drawings and
specifications; (3) 3D models interchangeable in IFC format to be used across all
project lifecycle phases; and (4) electronic hand-over of data from the construction
project as relevant for facility operation (Det Digitale Byggeri, 2010).

It is important to observe strong BIM leadership in Denmark is stemming
from the public sector (i.e. from the Palaces and Properties Agency, Danish
University, Property Agency and Defence Construction Service). Also, as early as
2006, 50% of architects and 40% of engineers in Denmark were using BIM in some
parts of their projects (Kubka, 2012).

The distribution of NBPs emanating from Denmark provides a clear picture
of the country’s BIM landscape. NBPs are well-distributed among the three
clusters (Guides, Protocols and Mandates). However, the number of legal docu-
ments and case studies in Denmark is surprisingly low despite the aggressive
digital procurement routes adopted in Denmark since early 2007. Also Table 13-3
indicates a lack in both BIM workflows to clarify project processes and assessment
tools to manage BIM competencies.

Finland

Finland exhibits a considerable commitment to BIM adoption by both the public
and private sectors. As evidenced by NBPs listed in Table 13-1 both public and
private entities have been collaboratively involved in conducting BIM pilot
projects and developing BIM guidelines since the early 2000s. Also, according
to Kiviniemi (2007), BIM surveys conducted in Finland report high BIM adoption
rates by architects (93%) and engineers (60%). The Finnish BIM guidelines, based
on an R&D project called ‘ProlT’, were also widely supported by industry (Kubba,
2012). Finally, Senate Properties, the government owned enterprise responsible for
managing the property assets of the Finnish state, started requiring BIM/IFC on
their projects in October 2007 (Senate, 2007b). Finland is now seeking to replicate
the success and acknowledgment gained as an early developer and adopter of BIM
in the building sector across the infrastructure sector. Some major research efforts,
such as the Infra FINBIM have been initiated with the aim of establishing a
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systematic shift, into the Finnish infra sector, from to intelligent BIM-based
service production that considers the entire life cycle and all sub-areas, actors and
functions (INFRA FINBIM work package, 2013).

The distribution of NBPs emanating from Finland (Table 13-3) indicates
several gaps within the protocols and mandates clusters. Multi-volume, discipline-
specific BIM guidelines (refer to FE 01 in Table 13-1) provide an introduction into
the fundamentals of product modeling yet do not introduce any data exchange
specifications. Also, despite that clients can request the use of BIM for design
validation, energy simulation, structural analysis and other analyses, there are no
publically-available contractual guidelines that address liability issues, compensa-
tion matters and intellectual property rights. Furthermore, there are still no
available metrics to assess the BIM capabilities of organizations or documented
workflows to assist in streamlining BIM project delivery.

Norway

The Norwegian BIM guidelines called “Statsbygg Building Information modeling
Manual - version 1.2” were developed in coordination with the American
National Institute of Building Science’s NBIMS (National BIM Standard) (Wong
et al., 2009). Statsbygg is the Norwegian government’s key advisor in construction
and its building commissioner, property manager and property developer.
Statsbygg conducted several pilot projects using Industry Foundation Classes
(IFC)s starting in the early 2000s (refer to NO 01 in Table 13-1). Following these,
BIM guidelines were developed (NO 05) and BIM was mandated on all public
sector projects starting from 2010 (NO 02). However, although the demand for
BIM is promoted and mandated by the public sector, industry associations have
also been active in developing their own BIM manuals. For example, the
association of Norwegian Home Builders developed their own BIM manual (refer
to NO 04 in Table 13-1) to provide practical advice associated with BIM processes,
modeling and utilization (NHA, 2011).

NBPs emanating from Norway include a higher concentration of guides as
opposed to protocols and mandates (refer to Table 13-3). Among the gaps detected
are the absence of metrics or benchmark to facilitate performance assessment/
improvement and no defined BIM workflows to assist in structuring model-based
exchanges. Although BIM has been mandated on all projects starting 2010, there
are still no contractual documents that address the specific legal and intellectual
property issues arising from BIM implementation.

Singapore

Public sector organizations in Singapore such as Building and Construction
Authority (BCA) -in collaboration with private entities such as the Construction
and Real Estate Network (CORENET) - are taking the lead in adopting and
mandating BIM adoption. The BCA, an agency under the Ministry of National
Development, delivers many programs to raise awareness including workshops,
roadshows and promoting success stories (e.g. ArtScience Museum, Housing
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projects by the Housing and Development Board) (BuildingSMART, 2011b). The
agency also assists industry stakeholders to build capability and capacity through
the BCA Academy that deliver BIM training programs to equip public sector
consultants and contractors (Building SMART, 2011b) and a ‘BIM Fund’ that
partially covers the costs for BIM adoption by organizations (Building SMART,
2011b). Finally, the BCA has mandated a phased BIM implementation program:
larger projects are required to use BIM for their architectural designs by 2013 and
for engineering designs by 2014; and smaller projects, both architectural and
engineering designs by 2015 (refer to SG 01 in Table 13-1).

It is also important to note that Singapore pioneered a BIM-specific
‘e-Submission System’ (eSS) that supports IFC and allows AEC organizations to
submit their project documents over the internet (CORENET eSS, 2009).
Singapore also has ambitious goals to increase overall BIM adoption rates to
80% by 2015 - as stated in their BIM roadmap (refer to SG 01 in Table 13-1) - up
from 10% in 2008 and 25% in 2011 (buildingSMART, 2011b).

Analysis of Singaporean’s NBPs (refer to Table 13-3) indicates a holistic and
top-down approach to BIM adoption. While labels from all the three clusters exist
within the analyzed NBPs, BIM assessment benchmarks for BIM capabilities and
competencies are still lacking. This is somewhat unexpected given the on-going
BIM training and certification program driven by BCA. Also, with the exception of
BIM workflows adopted from Penn State’s Computer Integrated Construction
(CIC) Research Group (Penn State, 2010), Singapore’s BIM guide (refer to SG 02
in Table 13-1) still lacks well-documented workflows to guide BIM project
delivery.

The Netherlands

The Dutch BIM guidelines called “Rgd BIM Standard” (refer to NLO3
in Table 13-1) and the Dutch BIM Strategy (NL 01) has been first issued in
2012. BIM deliverables - through the IFC format - have been mandated on
all projects worth more than €10M starting from November 2012. According to
Dr. Alex Vermeulen, director of Rgd, A&A, the expectations behind the guidelines
and strategy is that models of existing buildings should be delivered using both
proprietary and non-proprietary formats (i.e. IFC) and kept live throughout the
building’s lifecycle (Building SMART, 2011b). The Dutch guidelines also identifies
the legal responsibility covering BIM exchanges and adopts levels of development
(LOD)s from the “AIA E202 - 2008 BIM Protocol Exhibit” as a basic measure to
identify model-based deliverables. Also, the Dutch guidelines employ ‘BIM Quick
Scan’ (refer to NL 01 in Table 13-1), a benchmarking tool developed by TNO, for
assessing the BIM performance of organizations.

Analysis of Dutch NBPs reveals a balanced distribution across the three
content clusters despite the relatively recent release of these publications. This
indicates that Dutch BIM policy makers may have benefited from the experiences
of other countries. Finally, and similar to other reviewed countries, there are still
no documented BIM workflows or procedures to reflect the specific attributes of
the Dutch construction industry.
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The United Kingdom

The United Kingdom has been active in developing strategies and BIM policies for
improving the performance of its construction industry. In May 2011, the UK
Government published its “Government Construction Strategy (GSC)” (refer to
GB 02 in Table 13-1) which emphasized the need to develop standards for
enabling all members of the supply chain to work collaboratively through BIM.
The strategy also announced that the “Government will require fully collaborative
3D BIM (with all project and asset information, documentation and data being
electronic) as a minimum by 2016” (refer to GB 06 in Table 13-1).

A “BIM Task Group” bringing together the expertise from industry, govern-
ment, public sector, institutes and academia, was formed and tasked to deliver the
Government strategy. The first version of the UK BIM guidelines was then
developed and released in 2013 (GB 07) and identified three major milestones
(called maturity levels) for industry to aim for: Level 1 (2d/3D CAD file based
collaboration), Level 2 (BIM file based collaboration), and Level 3 (fully open and
integrated web service environment). The Task Group then went on to mandate
deliverables to be at Level 2 by 2016. Compared to Singapore which mandated
Level 3 UK-equivalent by 2015, the UK strategy seems much less ambitious.
However, this phased approach to BIM implementation - recommended by a
Strategy Paper to the Government Construction Client Group (refer to GB 04 in
Table 13-1) - actually reflects how most UK firms are still at Level 1.

To support the implementation of BIM Level 2, several NBPs have been lately
released. These include ‘BS 1192’ by the British Standards Institution (BSI) which
establishes a methodology for managing the production, distribution and quality
of construction information. The British BIM guidelines also contains some
contractual guidance covering intellectual property rights and the incorporation
of BIM protocols into all direct contracts between the employer and the project
team members.

In addition to the publications sponsored/released by the UK government
and BSI, industry associations are also playing a significant role in releasing NBPs.
For example, the Royal Institute of British Architects (RIBA) has updated their
popular RIBA ‘Outline Plan of Work’ to include a ‘BIM Overlay’ (RIBA, 2012)
reflecting the changes BIM introduces to different project phases.

NBPs emanating from the UK incorporate nearly all knowledge content
labels. However, despite the recency of most of these publications, there are many
similar deliverables and much duplicated effort (refer to Table 13-3). Organiza-
tional assessment metrics (refer to GB 03 in Table 13-1) are still elementary and
not based on grounded research. Also, with the exception of workflows showing
‘data-drop stages for COBie™ there are still limited documented workflows which
clarify BIM implementation or collaboration procedures.

“For an example, please refer to http://www.bimtaskgroup.org/wp-content/uploads/2012/03/COBie-
data-drops-29.03.12.pdf, last visited April 29, 2013


http://www.bimtaskgroup.org/wp-content/uploads/2012/03/COBie-data-drops-29.03.12.pdf
http://www.bimtaskgroup.org/wp-content/uploads/2012/03/COBie-data-drops-29.03.12.pdf
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United States

The United States is the most prolific producer of noteworthy BIM publications.
This is primarily driven by the numerous industry bodies (e.g. AGC, AIA and
NIBS), governmental agencies (e.g. GSA, USACE, USCG, and NIST) and local
authorities (e.g. NYCDDC and OHIO DAS) which have been actively developing
their BIM guides and mandating BIM use since 2007. According to McGraw Hill
Construction (2012), BIM adoption rates among contractors, architects and
engineers in 2012 are at 74%, 70% and 67% respectively.

Many US noteworthy BIM publications, especially those developed by
governmental agencies, are addressed to contractors or intended to facilitate the
delivery/handover of facilities to operators upon construction completion. NBPs
with a more holistic view are those developed by the NIBS (refer to US 04 and US
19 in Table 13-1) which continue to act as reference documents for other
institutions and bodies. For example, the “National Building Information Model-
ing Standard” (refer to US 19 in Table 13-1) covers most topics related to BIM
implementation and collaboration and includes a BIM capability maturity model
for performance assessment.

NBPs emanating from the US are well distributed across all three content
clusters - guides, protocols and mandates. Some of these NBPs are very similar and
represent a partial duplication of effort among industry bodies (e.g. between US
02, US 06 and US 07 in Table 13-3) and among local authorities (e.g. between
US 07 and US 16 in Table 13-3). Another significant characteristic of US NBPs is
the availability of workflows and procedures covering all project lifecycle phases
(e.g. US 09 and US 10). Also, US NBPs include an abundance of mandates (e.g.
contractual templates and procurement requirements) (Table 13-4) developed by
governmental agencies and large client bodies. These mandates represent a clear
indication of the leading roles these bodies play in shaping and driving industry-
wide BIM adoption. This is reflected by the extensive effort undertaken to develop
a set of information exchange specifications (e.g. US20 in table 13-1) covering all
disciplines and facilitating data capture throughout a facility’s lifecycle.

COMPARISON OF BIM KNOWLEDGE CONTENT ACROSS COUNTRIES

The BIM knowledge content (BKC) taxonomy is used to analyze noteworthy BIM
publication (NBP)s across eight countries selected for their active BIM scene.
This taxonomic approach allows comparisons to be drawn between different
publications and between different countries. As a tiered classification, the three
label clusters with their distinct properties (guides are descriptive and optional;
protocols are prescriptive and optional; and mandates are prescriptive and
dictated) - provide an insight into the BIM scene of each country. Some countries
have a balanced distribution between clusters (e.g. Singapore and the US) while
others have an unbalanced distribution and even lack knowledge contents within a
specific cluster (e.g. Australia).
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Figure 13-3. Distribution of guides, protocols and mandates within countries.
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Figure 13-4. Relative distribution and comparison of guides, protocols and
mandates across and within countries.

Figures 13-3 and 13-4 provide a preliminary visual analysis of the number,
percentage and distribution of content labels across the noteworthy BIM pub-
lications of the eight selected countries. Figure 13-3 highlights the large number of
publications emanating from the US and the UK by collating the number of BIM
knowledge content labels.

Figure 13-3 highlights the leading position the US occupies with respect to
generating the largest number of NBPs across all three clusters. It also specifically
highlights the large number of mandates emanating from the US as compared to
all other surveyed countries.

Figure 13-3 highlights the leading position the US occupies with respect to
generating the largest number of NBPs across all three clusters. It also specifically
highlights the large number of mandates emanating from the US as compared to
all other surveyed countries.
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Figure 13-4 highlights the relative distribution of NBPs across the three
labels. It also highlights the difference between a balanced distributions (e.g.
that of Singapore) and an unbalanced distribution across clusters (e.g. that of
Australia).

The two charts (Figures 13-3 and 13-4) are a preliminary representation of
how the BKC taxonomy can be used to analyze and compare the knowledge
deliverables of different countries. While such an analysis would not reflect the
quality of information contained within NBPs, it would facilitate their respective
inspection. These charts allow a better understanding of the BIM capability/
maturity of countries or even markets, a larger organizational unit within the
12-scale organizational hierarchy (Succar, 2010). Establishing the availability/
non-availability of BKC labels across multiple country-specific publications is
arguably a good indicator of a country’s BIM maturity.

Due to ongoing investigations to confirm the selection/labelling of NBPs, this
chapter will avoid an in-depth analysis of data distribution within the preliminary
charts. Once data collection is complete, a separate article will provide a more
definitive picture of the availability/distribution of knowledge content across
different countries.

CONCLUDING NOTES

Noteworthy BIM publications encapsulate a significant volume of domain
knowledge. By organizing the knowledge content across these publications,
industry-wide comparative analysis and knowledge gap identification can be
achieved.

This book chapter introduced a BIM knowledge content taxonomy
derived from a published BIM Framework (Succar 2009) (Succar 2013). The
BIM content taxonomy consists of a hierarchical cluster of 18 content labels
grouped under three content clusters with specific taxonomic properties. The BIM
content taxonomy can be utilized in two main ways: organize BIM domain
knowledge, and enable targeted access to specific content within numerous
publications.

In addition to organizing knowledge within NBPs, the BKC taxonomy
provides the traditional functions of indexing support and retrieval support
(Hedden 2010). The BKC facilitates indexing support through its controlled
vocabulary which allows indexers to classify documents in a consistent manner.
Without a controlled vocabulary, multiple documents with the same content may
erroneously carry different headings. Indexers may also inadvertently use syno-
nyms for classifying similar documents (Hedden 2010, p. 15).

Retrieval support is a direct consequence of indexing support (Hedden 2010,
p- 22) and refers to the ability of a classification to facilitate searching and improve
find-ability within databases. The BKC taxonomy can be readily transformed into
a facetted classification with its labels (a content type facet) augmented with
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additional facets - e.g. a content format facet, content relevance facet or issuer
type facet (Succar 2013) (Kassem et al. 2013). The BKC can thus support both
information retrieval and the faceted analysis (Kwasnik 1999) of noteworthy BIM
publications by “[shifting] the focus of perusal and interaction away from
potentially uninformative document surrogates (such as titles, sentence fragments
and URLs) to actual document content, and uses this content to drive the
information seeking process” (White et al. 2005 - page 1).

Organizing BIM domain knowledge allows policy makers and field research-
ers to identify gaps in their country’s BIM policies and to highlight areas which
require further research and development. Policy makers can also adopt or adapt
compatible BIM content types from other countries and thus reduce duplication
of efforts. Also, the BKC taxonomy can be used to facilitate access to knowledge
spread across a large number of publications. Analysis and comparison can be
continuously extended to include new publications or to generate more granular
labels which pinpoint specific knowledge types.

In this chapter, ten content labels from the BIM knowledge content taxonomy
were used to classify 57 noteworthy BIM publications from eight countries
selected for their active BIM scene. Analysis of content availability and their
distribution provided a structured insight into much published BIM knowledge.
Future studies will aim to expand the BIM content taxonomy by considering more
granular labels. An online database-driven, web-based prototype will also be
developed to further organize domain knowledge and allow extended research
findings to be efficiently maintained, managed, and accessed (Zuppa and Issa
2008). Noteworthy BIM publications from additional countries will also be
analyzed and compared to provide a wider and more structured understanding
of available BIM knowledge content, decrease effort duplication across the wider
industry and facilitate BIM adoption.

APPENDIX

See Tables 13-1-13-3.
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