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Abstract

Construction cost estimators are confronted with the challenging task of estimating the cost of constructing one of a
kind facilities. They must first recognize the design conditions of the facility design that are important~i.e., incur a
cost! and then determine how the design conditions affect the cost of construction. Current product models of facility
designs explicitly represent components, attributes of components, and relationships between components. These
designer-focused product models do not represent many of the cost-driving features of building product models, such
as penetrations and component similarity. Previous research efforts identify many of the different features that affect
construction costs, but they do not provide a formal and general way for practitioners to represent the features they care
about according to their preferences. This paper presents the formal ontology we developed to represent construction
knowledge about the cost-driving features of building product models. The ontology formalizes three classes of
features, defines the attributes and functions of each feature type, and represents the relationships between the features
explicitly. The descriptive semantics of the model allow estimators to represent their varied preferences for naming
features, specifying features that result from component intersections and the similarity of components, and grouping
features that affect a specific construction domain. A software prototype that implements the ontology enables estima-
tors to transform designer-focused product models into estimator-focused, feature-based product models. Our tests
show that estimators are able to generate and maintain cost estimates more accurately, consistently, and expeditiously
with feature-based product models than with industry standard product models.

Keywords: Activity-Based Cost Estimating; Building Construction; Computer-Integrated Design and Construction;
Cost-Driving Product Features; Formal Ontologies; Product and Process Modeling

1. INTRODUCTION

Understanding how the building design influences construc-
tion costs is a challenging task for estimators. Estimators
must identify the design conditions that are important~i.e.,
incur a cost! and adjust the activities, resources, and re-
source productivity rates that form the basis of a cost
estimate for a particular design. Current architectural 3-
dimensional~3-D! modeling applications can now export
semantically rich product models using Industry Founda-
tion Classes@IFCs, International Alliance of Interoperabil-

ity ~IAI !, 2001# , the primary product model exchange
standard for the architecture, engineering, and construc-
tion industry. Industry standard IFC-based product models
enable the sharing of product models with other software
applications. Cost estimating applications leverage IFC-
based models by extracting dimensional information for
quantity takeoff calculations~Timberline Software Com-
pany, 2001!. However, in addition to dimensional informa-
tion, other types of design conditions impact the cost of
constructing building components, such as openings, pen-
etrations, and component similarity. Estimators have dif-
ferent preferences for describing these different design
conditions and the impact they have on a specific compo-
nent’s construction cost. To provide product models that
are useful for cost estimating, estimators need a vocabu-

Reprint requests to: Sheryl Staub–French, Department of Civil Engi-
neering, University of British Columbia, 2324 Main Mall, Vancouver, BC
V6T 1Z4, Canada. E-mail: sherylsf@civil.ubc.ca

Artificial Intelligence for Engineering Design, Analysis and Manufacturing~2003!, 17, 133–154. Printed in the USA.
Copyright © 2003 Cambridge University Press 0890-0604003 $16.00
DOI: 10.10170S0890060403172034

133

https://doi.org/10.1017/S0890060403172034 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060403172034


lary for describing the different types of design conditions
that affect construction costs and a framework to capture
this knowledge from estimators so that it can be reused
from project to project in feature-based cost analysis.

Previous research efforts identify the different design con-
ditions that affect construction costs~Hanna & Sanvido,
1990; Fischer, 1991; Sanders & Thomas, 1991; Smith &
Hanna, 1993; Thomas & Zavrski, 1999!. However, these
researchers do not provide a formal way for practitioners to
represent the design conditions they care about according
to their preferences. In our research, we use features to
describe the different design conditions that impact con-
struction cost. Features are used extensively in the manu-
facturing industry to describe the parts of a product design
that affect manufacturability, inspectability, serviceability,
and so forth~Cunningham & Dixon, 1988; Shah, 1991!.
However, the feature representations developed in the man-
ufacturing industry do not fully support the representation
of product models for buildings. Our research applies the
manufacturing concept of features to building construction
and extends it to represent the features that are useful to
construction cost estimators.

This paper describes the ontology we formalized to rep-
resent cost-driving features of building product models. The
feature ontology classifies the features that affect cost, de-
fines attributes to describe each feature type, and represents
the relationships between features explicitly. The feature
ontology represents three types of features:component fea-
turesresult from components in standard building product
models,intersection featuresresult from intersections of
components, andmacrofeaturesresult from the similarity
of components. The vocabulary defined in the ontology en-
ables estimators to represent their varied preferences for
naming features, specifying the component intersections that

are important to them, defining component similarity, and
specifying the features and properties that affect a specific
component’s construction costs. We implemented the ontol-
ogy in a knowledge-based software prototype that analyzes
the geometry of components and the topological relation-
ships between components in standard building product mod-
els to identify the cost-driving features that are important to
a particular cost estimator. The feature ontology enriches
the current representation of the standard building product
model by transforming designer-focused product models
into estimator-focused feature-based product models that
support feature-based cost estimating. The main contribu-
tions of the paper are the feature ontology and the computer-
interpretable templates that use the attributes of the ontology
to capture this knowledge from estimators.

1.1. Case examples

This section describes two case examples that illustrate the
practical motivation for this research. The case examples
shown in Figure 1 highlight several design conditions that
affect drywall and concrete column construction. For each
case example, we describe the different design conditions
that estimators consider when creating a cost estimate. For
drywall construction, we describe two drywall estimators’
perspectives to illustrate the different vocabularies estima-
tors use to describe the design conditions they care about.

Estimators must identify the design conditions that affect
the project’s activities, resources, and resource productivity
rates when configuring a cost estimate for a particular de-
sign. Estimators from the same domain have different pref-
erences for what design conditions they consider, and
estimators from different domains consider different design
conditions. Figure 2 shows the design conditions that two

Fig. 1. The building components in drywall and concrete column case examples illustrating the different design conditions that affect
construction costs.~a! The building components in the office project case study. The drywall estimator estimates the costs for
constructing the four walls shown.~b! The building components in the retail store case study. The concrete estimator estimates the
costs for constructing the columns shown.
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drywall estimators consider and the design conditions that
the concrete column estimator considers. The two drywall
estimators consider the same design conditions~e.g., wall
turns!, use different terms to describe the same design con-
dition ~e.g., wall–beam intersection and structural penetra-
tion!, andhavedifferentpreferences fordescribing theconcept
of component similarity~e.g., 75–100% of wall heights and
90–100% of wall heights and types!. Drywall and concrete
estimators consider similar design conditions~e.g., compo-
nent similarity!, but some design conditions are unique to a
specific domain~e.g., the column–slab intersections!.

Current cost estimating software, such as Timberline
Software Company’s Precision Estimating~2001!, and con-
cepts found in the literature~Aouad et al., 1994; Froese
et al., 1996; Stumpf et al., 1996; Laitinen, 1998; Marir
et al., 1998; Slaughter, 2000! allow estimators to represent
their preferences for assembling cost items to construct a
component based on design conditions that are specific to
the properties of the component, such as its curvature.
However, as Figure 2 shows, many other design condi-
tions affect construction costs in addition to component
properties. Design conditions can be based on:

Fig. 2. The design conditions that are important to drywall and concrete estimators for the two case examples.
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• properties of components~e.g., the curvature and height
of the wall!,

• groupings of components~e.g., the grouping of walls
based on component similarity!,

• intersections of components~e.g., the structural pen-
etration resulting from the intersection of the wall and
beam!, and

• properties of component intersections~e.g., the orien-
tation of wall turns!.

It is too time consuming for estimators to manually iden-
tify all the project-specific design conditions in a given
design and to manually adjust the project’s activities and
resources accordingly for each project they estimate. Lack-
ing automated support to identify and explicitly represent
the important cost-incurring design conditions for a given
product model, estimators often employ ad hoc methods
~e.g., fudge the productivity rate to account for wall turns!,
overlook the cost impact of design conditions~e.g., over-
look structural penetrations and their cost impact!, and ac-
count for the cost impact of design conditions inconsistently
~e.g., define component similarity in different ways or ad-
just the productivity rate by different factors to account for
it!. Consequently, the current inefficient and inconsistent
cost estimating process often leads to inaccuracies and omis-
sions in the resulting cost estimate and limits the ability of
estimators to provide cost feedback to designers about the
cost implications of their design decisions. For automation,
estimators need a vocabulary to describe design conditions
that affect construction cost and a framework for represent-
ing them generically in the computer to enable the auto-
matic generation of feature-based product models that
support cost estimating.

We developed a vocabulary usingfeaturesto represent
the different design conditions that are important for esti-
mating the cost of building construction. We refer to com-
ponents in a building product model, such as walls and
columns, ascomponent features. Throughout the remainder
of this paper, the terms component feature and component
will be used interchangeably. We refer to features that re-
sult from the intersection of two components, such as open-
ings and turns, asintersection features. We refer to features
that result from groupings of components, such as grouping
walls based on component similarity, asmacrofeatures.

1.2. Research goals

The goals of this research were to formalize an ontology to
describe the features that affect building construction costs
and to provide a computer-interpretable way for estimators
to specify their preferences for the features that affect a
specific construction domain. The drywall and concrete case
examples demonstrate that the ontology needs to be formal,
general, and flexible to represent the different features that
affect construction costs:

1. Formal: Estimators need a structured way to repre-
sent the features of building product models that af-
fect construction costs consistency. The formal
representation should include all the attributes neces-
sary for estimators to describe the different design
conditions that affect building construction costs
~Fig. 2!.

2. General:Estimators need to represent features inde-
pendent of a specific project or product model. A ge-
neric and computer-interpretable representation of
features enables estimators to reuse this knowledge
from project to project. The representation of features
also has to be general enough to support cost estimat-
ing of different construction domains.

3. Flexible:Estimators have different preferences for de-
scribing the different design conditions that affect con-
struction costs~Fig. 2!. The ontology must be flexible
enough to represent estimators’ varied preferences for
naming features, specifying relevant component inter-
sections, defining component similarity, and specify-
ing the features that affect a specific component’s
construction costs.

The feature ontology we formalized meets these criteria.
The next section describes the related research background.

2. RELATED RESEARCH BACKGROUND

To represent the features and properties that are important
to cost estimators, this research builds on prior research in
ontological modeling and combines and extends previous
research in construction cost estimating and product
modeling.

2.1. Prior research on ontological modeling

Gruber~1995! defines an ontology as an “explicit specifi-
cation of a conceptualization.” He refers to a conceptuali-
zation as the objects, concepts, and other entities that are
assumed to exist in some area of interest and the relation-
ships that hold among them. The two main elements of
ontologies are concepts and relations, where concepts are
used to define and explain things and relationships order
the concepts, often in a hierarchical structure~Weinstein &
Birmingham, 1998; Scholten & Beulens, 2002!. Ontologies
can be viewed as a framework to represent the semantics of
data about a certain domain and are used extensively in
artificial intelligence research~Scholten & Beulens, 2002!.
Ontologies are particularly useful for representing domain-
specific knowledge and developing knowledge-based tech-
nologies because they provide a common vocabulary,
explication of what has been often left implicit, systemati-
zation of knowledge, standardization, and metamodel func-
tionality, where the concepts and relations among them are
used as building blocks for the model~Mizoguchi, 2001!.
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We use ontologies to represent construction knowledge about
cost-driving features of building components. We use the
concept of features and define the objects, attributes, and
relationships of different classes of features ordered in a
hierarchical structure to enable feature-based cost estima-
tion. Our feature ontology is formal in the sense that it
explicitly defines the terms, relationships, and hierarchical
structure to represent the concepts for describing cost-
driving features of building components, and in the sense
that it is implemented in the computer. The formal feature
ontology enables a knowledge-based program to systemat-
ically perform feature-based cost estimation.

2.2. Prior research on construction cost estimating

Many researchers identify the design conditions that affect
the cost of building construction~Hanna & Sanvido, 1990;
Fischer, 1991; Sanders & Thomas, 1991; Smith & Hanna,
1993; Thomas & Zavrski, 1999!. For example, Hanna and
Sanvido~1990! recognize that component similarity limits
the applicability of different formwork systems, and Tho-
mas and Zavrski~1999! recognize that penetrations and
turns affect resource productivity. However, these research-
ers do not provide a vocabulary or a framework for practi-
tioners to specify the design conditions that matter to them.
They do not provide a formal way for practitioners to specify
new design conditions~e.g., the wall–beam intersection! or
customize existing design conditions~e.g., how component
similarity is represented! based on their preferences.

2.3. Prior research on product modeling

Several researchers represent components, attributes of com-
ponents, and relationships between components in build-
ing product models explicitly and generally. They represent
many of the components and component properties that
affect the cost of building construction~Bjork, 1987; Giel-
ingh, 1988; IAI, 2001!. However, they do not explicitly
represent many of the design conditions that affect con-
struction costs, such as penetrations and component simi-
larity. We use the building components and component
properties formalized by the IFCs but extend building prod-
uct models using the concept of features to represent the
design conditions that affect construction costs. Product
features are used extensively in manufacturing to describe
the geometric forms or entities in a product model that are
important in some aspect of the manufacturing process
~Cunningham & Dixon, 1988; Shah, 1991!. However, the
feature representations developed in the manufacturing in-
dustry do not fully support the representation of building
product models. Specifically, building product models con-
tain different features and different types of products, and
the wide range of specializations of firms serving the build-
ing construction industry heightens the need for user cus-
tomizability. In summary, our research applies the

manufacturing concept of features to building construction
and extends it to represent the features that are useful to
construction cost estimators.

Several researchers use features to represent the building
components that are important in the design process~Clay-
ton et al., 1996; van Leeuwen, 1999!. However, they do not
represent features that result from intersections of compo-
nents and the similarity of components that are important
for building construction. Cunningham and Dixon~1988!
formalize intersection features to represent features that
emerge from intersections of primitive and add-on features
~e.g., corners!. They formalize macrofeatures as prespeci-
fied combinations of primitives~e.g., boxes!. We extend
the definition of intersection features to represent building
designs by defining intersection features as the intersection
of component features. We extend the definition of macro-
features to represent the concept of component similarity.
We define macrofeatures as prespecified combinations of
other features. We represent component similarity as “group-
ings” of components based on the feature propertysimilarity.

Cunningham and Dixon~1988! formalize the classifica-
tion of intersection features and macrofeatures, but they do
not formalize attributes of each feature type to enable prac-
titioners to create or customize instances of intersection
and macrofeatures. We formalize the different attributes of
intersection and macrofeatures to provide a formal way for
estimators to represent the component intersections that af-
fect construction costs and to define component similarity
according to their preferences.

The IFCs explicitly represent the connectivity between
components using the RelatingElement and RelatedEle-
ments attributes, which we use to represent intersection fea-
tures. However, the IFCs do not provide a way to filter the
component feature’s connections that are important to an
estimator. For example, the wall’s connection with the ceil-
ing and floor were not important to the drywall estimator
whereas the wall’s connections to other walls~wall turns!
and to the beam~structural penetration! were important be-
cause these connections impact drywall construction costs.
Moreover, some component connections are not explicitly
represented in IFC-based product models because the de-
signer does not intend for the components to be connected.
For example, the connection between the wall and the beam
emerges based on the architectural and structural designs.
The results from our research provide a formal way to rep-
resent the component connections that affect construction
costs by instantiating these connections as intersection
features.

Estimators need to be able to specify the features that
affect a specific component’s construction costs. Many re-
searchers provide a formal way to group features based on
how they influence manufacturing processes~Cunningham
& Dixon, 1988; Hyer & Wemmerlov, 1984; Shah, 1991!.
For example, Cunningham and Dixon~1988! determined
that “feature sets” could be deduced by a process-activity
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pair, such as a feature set for the activity of manufacturabil-
ity evaluation in the process of injection molding. A corre-
sponding example for this research would be a feature set
for the activity of cost estimating in the process of drywall
construction. However, they do not represent the feature
sets that are important to estimators of building construc-
tion, and they do not provide a flexible representation that
allows practitioners to specify the features that should be
assigned to a feature set. For example, the feature set for
wall construction includes openings, turns, and structural
penetrations. The IFCs represent property sets for different
component types to represent the properties that are impor-
tant to designers. However, the IFCs do not use property
sets to represent the properties that are important to cost
estimators, and they do not provide a formal way for esti-
mators to specify the properties of components~e.g., cur-
vature of walls! and intersection features~e.g., orientation
of turns! that affect construction costs. Our research ex-
tends the application offeature setsand property setsto
cost estimating of building construction.

In summary, previous research efforts in cost estimating
identify many of the design conditions that affect construc-
tion costs, but they do not provide a formal way for practi-
tioners to represent the design conditions they care about.
Prior research efforts in feature-based product modeling
represent components, the connectivity between compo-
nents, and feature sets and property sets of components.
However, they do not provide a flexible representation that
allows estimators to represent the component connections
that affect construction costs, and they do not provide a
formal way for estimators to specify their preferences for
representing component similarity. Moreover, they do not
provide a way for estimators to specify the feature sets that
are important for a specific construction domain and the
property sets of features that affect construction cost.

3. REPRESENTING THE FEATURES THAT
AFFECT CONSTRUCTION COSTS

Our feature ontology classifies the features that affect cost,
formalizes attributes to describe each feature type, and
represents the sets of features and properties that affect
costs for a specific construction domain. To create the
ontology, we identified the different design conditions that
affect construction costs by reviewing previous research in
this area and interviewing cost estimators. We interviewed
14 different cost estimators from five different construc-
tion domains. We interviewed 2 general contractors and 12
subcontractors that self-perform construction work on dry-
wall, structural concrete, mechanical ductwork, process pip-
ing, and electrical systems. We implemented three case
studies on two drywall construction projects and one case
study on a concrete column construction project. We ab-
stracted the different vocabularies used by estimators to
describe the design conditions that affect construction costs
for the types of conditions that we studied.

We implemented the feature ontology in a software
prototype called Feature Generator~FeaGen, Fig. 3!.
FeaGen provides the framework that uses the ontology
to represent estimators’ preferences for the features and
properties that affect construction costs. Estimators re-
present the relevant intersection features and customize
component similarity in FeaGen in user-customizable
Feature Specification templates that use the attributes of
the different feature types formalized in the feature ontol-
ogy. Estimators also specify the sets of features and prop-
erties that affect a specific component’s construction costs.
FeaGen represents the cost-driving features and properties
specified by the estimator generically so that they can be
reused from project to project. Each time an estimator
wishes to create an estimate for a specific project, FeaGen
uses the generic cost-driving features to create a project-
specific feature-based product model that represents the
features and properties that are important to the cost esti-
mator. We created another software prototype called
Activity-Based Cost Estimating~ACE! that uses the
estimator-focused feature-based product model to generate
and maintain construction cost estimates~Staub–French,
2002!.

The next sections describe the feature ontology~Sec-
tion 3.1!, the Feature Specification templates and mecha-
nisms developed to represent cost-driving features generically
in the computer~Section 3.2!, and the mechanisms imple-
mented to create project-specific feature-based product mod-
els~Section 3.3!.

3.1. A feature ontology

The research challenge with respect to formalizing a vocab-
ulary for estimators is that different design conditions exist
in a given product model, different types of design condi-
tions affect construction costs, estimators have different pref-
erences for representing design conditions, and different
design conditions affect different construction domains. The
ontology we formalized addresses these challenges by pro-
viding a general way to describe design conditions using
features and implementing the generic feature descriptions
in user-customizable templates.

3.1.1. Classifying features

The case examples demonstrated that features can be com-
ponents~e.g., a wall!, features can emerge from intersec-
tions of components~e.g., the featureturn emerges from
intersections of walls!, and features can emerge from group-
ings of components based on their similarity~e.g., wall
similarity based on similar wall heights!. Consequently, we
classify features into the following types:

1. Component Features:Features that result from com-
ponents in an IFC-based building product model, such
as walls and columns.
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2. Intersection Features:Features that result from inter-
sections of components, such as penetrations and turns.

3. Macrofeatures:Features that result from prespecified
combinations of other features. We focused on mac-
rofeatures that emerge based on the similarity of com-
ponents of the same type.

Figure 4 shows the three feature types formalized in this
research and examples of each feature type from the dry-
wall case example. Each feature type has different attributes
that help estimators represent feature instances according
to their preferences.

3.1.2. Common attributes of features

The attributes of the three feature types enable estima-
tors to represent their varied preferences for naming fea-
tures, specifying the component intersections that are
important to them, defining component similarity, and spec-
ifying the features and properties that affect a specific
component’s construction costs. Figure 5 shows the com-
mon attributes of each feature type. Some attributes are

common to all features, and other attributes are specific to
a feature type. The common attributes of all features are as
follows:

1. Feature Name:The estimator’s preference for naming
the feature. The feature name must be unique. This
attribute is necessary because estimators use different
terms for describing the features that are important to
them. For example, in the drywall case example, one
drywall estimator called the intersection of the wall
and the beam a wall–beam intersection and another
called it a structural penetration~Fig. 2!.

2. Property Set:The estimator’s preference for the prop-
erties of a feature that affect a component’s construc-
tion costs. This attribute allows estimators to filter the
properties of a feature that are important for cost es-
timating. For example, the estimator in the drywall
case example represented orientation in the property
set of the featureturn. We use properties to describe
the attributes of features to be consistent with the ter-
minology used in the IFCs.

Fig. 3. FeaGen uses the attributes of the feature ontology to capture estimators’ preferences for the features and properties that affect
construction costs in Feature Specification templates. FeaGen represents the cost-driving features and properties generically specified
by the estimator so that they can be reused from project to project. Each time an estimator wishes to create an estimate for a specific
project, FeaGen uses the generic cost-driving features to create an estimator-focused feature-based product model given an IFC-based
product model.
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3.1.3. Attributes of component features

The attributes of component features enable estimators
to specify the features and properties that affect a specific
component’s construction costs. The attribute specific to
component features is:

1. Feature Set:The estimator’s preference for the fea-
tures that affect a specific component’s construction
costs. For example, the estimator in the drywall case
example represented wall–beam intersections, turns,
and openings in the feature set for walls.

3.1.4. Attributes of intersection features

The two attributes of intersection features are based on
the attributes used by the IFCs to represent the relationships
between components~IAI, 2001!. Estimators have different
preferences for what component intersections are impor-
tant for estimating a specific component’s construction cost
and how to name the component intersections. The attributes
of intersection features allow estimators to specify the cost-
driving features that result from intersections of compo-
nents. The two attributes of intersection features are:

1. Relating Component:The component class that the
estimator is estimating. From the case examples, the
estimators considered wall and column components.

2. Related Component(s):The component classes of the
intersecting components for the related component.
For example, to represent the wall–beam intersection
feature, the estimator specified wall for the relating
component and beam for the related components. To
represent the opening feature, the estimator specified
wall for the relating component and door and window
for the related components.

3.1.5. Attributes of macrofeatures

The attributes of macrofeatures provide a formal way for
estimators to represent the concept of component similarity
according to their preferences. Estimators have different
preferences for what component properties need to be sim-
ilar and how much variation is acceptable for component
similarity to exist. The attributes formalized to represent
component similarity are:

1. Component Grouped:The component that is being
evaluated for similarity. In the drywall case example,
the estimator specified the wall component class to
evaluate for component similarity. The component
grouped can be different from the component being
estimated. For example, the similarity of columns can
affect the formwork operations and cost for construct-
ing the slab component.

Fig. 4. The ontology classifies features into three types: component features, intersection features, and macrofeatures.
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2. Direction: The ontology represents the direction for
which component similarity will be assessed as either
horizontal or vertical. The horizontal direction repre-
sents similarity across a single floor. The vertical di-
rection represents similarity across floors. In the
drywall case example, the drywall estimator evalu-
ated the similarity of the wall components in the hor-
izontal direction, and the concrete estimator evaluated
the similarity of the column components in the verti-
cal direction.

3. Component Variation:The overall variation of the com-
ponents~see item 1! allowed to achieve component
similarity. This attribute is needed because estimators
have different preferences for the degree of similarity
that must be achieved for component similarity to ex-
ist. In the drywall case example, the estimator pre-
ferred that 75–100% of the walls have similar heights
~see item 4! for component similarity to exist.

4. Similar Component Properties:The component prop-
erties~or property! of the component grouped that will
be compared to determine whether the components are

similar. In the drywall case example, one drywall esti-
mator analyzed the property height and the other dry-
wall estimator analyzed the properties height and type
to assess the similarity of wall components.

5. Property Variation:The variation in the value for the
similar component property allowed to achieve simi-
larity. For example, if an estimator specifies 2 in. for
the property variation, then the estimator views wall
#1 as similar to wall #2 if its height is at most 2 in.
shorter or taller than wall #2.

3.2. A framework for estimators to represent
cost-driving features

FeaGen implements the objects and attributes of the feature
ontology to provide a formal, flexible, and computer-
interpretable way for estimators to specify the design con-
ditions that are important to them. Estimators use Feature
Specification templates to specify the features and proper-
ties that affect a component’s construction costs, to repre-
sent the cost-driving component intersections as intersection

Fig. 5. The feature ontology that represents the attributes of the three feature types and example feature instances from the drywall
case example. Each component feature knows the estimator’s preference for what features and properties influence the cost of its
construction using the feature set and property set attributes. Each intersection feature knows the estimator’s preference for the
properties of the feature that affect a component feature’s construction cost using the property set attribute and the component
intersections that are important using the related component and relating components attributes. Each macrofeature represents the
estimator’s preference for defining component similarity in terms of the component properties that need to be similar and the amount
of variation that is permitted.
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features, and to define component similarity according to
their preferences.

3.2.1. Represent the generic features and properties
that affect a component’s construction costs

FeaGen uses the feature set and property set attributes of
the ontology in its framework to allow estimators to specify
the features and properties that affect a specific component’s
construction cost. We represent the same component classes

that are represented in the IFCs. Figure 6 shows the user in-
terface from FeaGen and example feature and property sets
specified by the estimator from the drywall case example to
estimate wall components. If estimators want to add a new
feature or property to the feature set or property set, they sim-
ply select the generic feature or property from the available
features and properties and add it to the feature set or prop-
erty set. If the desired intersection or macrofeature is not avail-
able, estimators need to first create the feature before adding

Fig. 6. FeaGen uses the feature set and property set attributes of the feature ontology in its framework to capture estimators’
preferences for the features and properties that affect a specific component’s construction costs.~a! An example feature set for walls
specified by the estimator from the drywall case example.~b! An example property set for walls specified by the estimator from the
drywall case example.
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it to the feature set, which is described in the next section.
FeaGen represents this knowledge independent of a project
so that it can be reused from project to project to identify the
relevant features and properties when creating a feature-
based product model that supports cost estimating.

3.2.2. Represent generic instances of intersection
feature

FeaGen uses the relating component and related compo-
nents attributes of the ontology in its framework to allow
estimators to specify the component intersections that af-
fect construction costs using the terminology that the esti-
mator prefers. The property set attribute allows estimators
to specify the properties of the intersection feature that af-
fect the construction cost of the related component. Fig-
ure 5 shows instances of intersection features from the
drywall case example and the attribute values for each fea-
ture. If estimators want to create a new intersection feature,
they have to specify the attribute values of intersection fea-
tures in the Feature Specification template. For example, if
estimators want to represent the intersection of the wall and
the ceiling as a feature, they specify the feature name~e.g.,
wall–ceiling intersection!, specify wall in the relating com-
ponent attribute, specify ceiling in the related components
attribute, and if applicable, specify the relevant properties
using the property set attribute. Based on the estimators’
selections in the related components and property set
attributes, FeaGen knows what component intersections and
feature properties to identify in a given product model for
the component specified in the related component attribute
to create an estimator-focused feature-based product model.

3.2.3. Represent generic instances of macrofeatures
(component similarity)

FeaGen leverages the attributes of the ontology to pro-
vide a framework that allows estimators to represent their

preferences for defining component similarity~Fig. 7!. Es-
timators specify the properties of the component that need
to be evaluated for similarity using the similar component
property attribute and the degree of similarity that needs to
exist using the component variation and property variation
attributes. Estimators can use these attributes to represent a
variety of definitions for component similarity. Figure 7
shows an estimator’s preference that 90–100% of the wall
heights be similar for component similarity to exist.

The next section describes how FeaGen creates a project-
specific feature-based product model using the generic cost-
driving features specified by the estimator.

3.3. Create feature-based product models to
support construction cost estimating

FeaGen transforms a designer-focused product model into
a feature-based product model that supports cost estimating
using the generic cost-driving features specified by the es-
timator~Fig. 8!. In FeaGen, the input 3-D model is created
using Bricsnet Architecturals~Bricsnet, 2001!. The repre-
sentation of product models in Bricsnet is very similar to
product models represented using the IFCs. FeaGen ana-
lyzes the geometry and topological relationships between
the components in the input IFC-based product model to
identify the generic cost-driving features and properties spec-
ified by the estimator.

To create a project-specific feature-based product model,
FeaGen executes the four steps shown in Figure 8, which
are as follows:

Step 1. Identify Components:The estimator selects the com-
ponent class to estimate. In the drywall case exam-
ple, the estimator selects the component class wall.
FeaGen identifies instances of the component in
the input IFC-based product model. In IFC-based

Fig. 7. FeaGen uses the attributes of macrofeatures to provide a framework for estimators to define component similarity. The
example from the drywall case example shows an estimator’s preference that 90–100% of the walls have similar wall heights for
component similarity to exist.
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Fig. 8. FeaGen transforms an IFC-based product model into a project-specific feature-based product model that explicitly represents the cost-driving features specified by the
estimator.
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product models, components are explicitly repre-
sented as features so FeaGen simply has to query
the input product model to identify them.

Step 2. Instantiate Components:FeaGen creates instances
for each component identified in the input IFC-
based product model. For example, FeaGen creates
an instance of the component Wall1. FeaGen re-
lates the new component instance to its correspond-
ing geometry using the IFC-based product model’s
graphical representation attribute. Then, based on
the ontology described in the previous section,
FeaGen uses the property set attribute for the com-
ponent being estimated to determine what compo-
nent properties are important to the cost estimator.
For each component property in the property set,
FeaGen copies the appropriate attribute values from
the corresponding component in the input IFC-
based product model to the output model.

Step 3. Identify Features of Components:FeaGen uses the
feature set attribute for the component being esti-
mated to determine what features are important to
the cost estimator. Then, FeaGen analyzes the in-
put IFC-based product model to determine whether
those features exist.

a. Identify Intersection Features:To identify inter-
section features, FeaGen reasons about the topolog-
ical relationships between components, which are
represented in different ways depending on the in-
tersecting components. Figure 9 shows different rep-
resentations of the connectivity between components
using a Bricsnet 3-D model and an IFC-based prod-
uct model. Some relationships between compo-
nents are represented explicitly in IFC-based product
models. For example, the connections between the
wall and the door and between the two walls are
explicit in an IFC-based product model because the
architect intends for these components to be con-
nected. Consequently, to determine whether the
components are intersecting, FeaGen analyzes the
relationships between these components using the
objects and attributes shown in Figure 9. In con-
trast, some relationships between components are
implicit in IFC-based product models. For exam-
ple, the connection between the wall and the beam
is implicit because it emerges based on the archi-
tectural and structural designs. Consequently, con-
flict detection mechanisms are needed to determine
if these components are intersecting. In FeaGen,
users currently need to identify these types of com-
ponent intersections manually.

b. Identify Macrofeatures (Component Similarity):
To identify component similarity, FeaGen reasons
about the properties of building components of the
same type to determine whether the property values
are similar. FeaGen identifies the relevant instances
of building components in the IFC-based product

model based on the component class specified by the
estimator in the component grouped attribute. If the
estimator specified horizontal in the direction
attribute, FeaGen evaluates the building compo-
nents on a single floor. If the estimator specified ver-
tical in the direction attribute, FeaGen evaluates the
building components on all the floors.Then, FeaGen
analyzes each property of the building component
specified in the similar component properties
attribute.FeaGencycles througheachbuildingcom-
ponent instance and compares it to the previous one
to determine whether the components are similar.
FeaGen compares the property values to determine
whether the variation is acceptable based on the es-
timator’s preferences in the property variation
attribute. If the value of the component property is
within an acceptable range, FeaGen considers that
component to be similar and adds it to a collection
containing thesimilarcomponents.AfterFeaGenhas
evaluated all the properties of all the components, it
calculates the percentage of similar components by
dividing thenumberofsimilarcomponentscollected
by the number of components evaluated. If the per-
centage calculated is within the range specified by
the estimator in the component variation attribute,
FeaGen considers the components to be similar.

Step 4. Instantiate Features of Components:FeaGen cre-
ates feature instances for each intersection feature
identified in the input product model. For example,
for Wall1, FeaGen creates instances of intersection
features for the wall–beam intersection, the open-
ings, and the wall turns. FeaGen relates the inter-
section features instantiated to the component using
the “has features” attribute of the component in the
project-specific, feature-based product model. Then,
FeaGen uses the property set attribute of the inter-
section feature to determine what properties of the
feature are important to the cost estimator. For each
property in the property set, FeaGen analyzes the
intersecting components in the input product model
to determine the value of the property. For exam-
ple, FeaGen analyzes the two walls for the feature
turn to determine the orientation of the wall turn
and assigns the corresponding attribute values to
the feature property in the project-specific feature-
based product model. For macrofeatures, FeaGen
adds the instances of similar components to the sim-
ilar components attribute in the project-specific
feature-based product model~Fig. 8!.

FeaGen generates a project-specific feature-based prod-
uct model that explicitly represents the features and prop-
erties that are important to estimators. The feature ontology
provides the blueprint for the additions and changes needed
to transform an IFC-based product model into a product
model that is useful to cost estimators of building construc-
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Fig. 9. The objects and attributes of Bricsnet and IFC models analyzed to identify intersection features. Some component intersections are explicitly represented in IFC-based
product models, such as the wall and door connection. However, some component intersections are implicit in IFC-based product models, such as the wall and beam connection,
and require design conflict detection mechanisms or manual interpretation to identify.
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tion. In other words, the feature ontology provides the map
to relate an IFC-based product model to an estimator-
focused product model. Our tests show that the estimator-
focused feature-based product model enables estimators to
generate and maintain cost estimates more quickly, consis-
tently, and accurately than cost estimating applications that
leverage IFC-based product models.

4. VALIDATION

The goals of this research were to provide a formal, gen-
eral, and flexible way for estimators to represent the differ-
ent design conditions that affect construction costs. Our
tests provide evidence that the feature ontology meets these
criteria. We performed a charrette test~Clayton et al., 1998!
and three retrospective tests to demonstrate the power and
generality of the feature ontology.

To demonstrate power and generality, we provide evi-
dence that demonstrates the feature ontology enables cost
estimators to:

• Represent the design conditions that affect construc-
tion costs more explicitly than standard IFC-based prod-
uct models,

• Represent the design conditions that affect construc-
tion costs for two different component types,

• Specify their preferences for representing the design
conditions that affect construction costs, and

• Generate and maintain cost estimates more accurately,
consistently, and quickly with feature-based product
models than with IFC-based product models.

The next sections describe the evidence for power and
generality in more detail.

4.1. Cost estimators represent the design conditions
affecting construction costs more explicitly
with the feature ontology than with IFC-based
product models

To evaluate the extent to which the feature ontology can
represent features explicitly, we wanted to show that the
formal structure of the feature ontology enabled estima-
tors to represent the variety of features that affect construc-
tion costs explicitly. We created a theoretical ideal to
represent the component, intersection, and macrofeatures
that are important for interior wall and concrete column
construction. We crafted this ideal based on interviews
with five estimating experts of interior wall and concrete
column construction. Table 1 shows the different features
represented in the theoretical ideal for the four test cases.
The macrofeatures represented in the theoretical ideal fo-
cus on representing different definitions of component
similarity and exclude other types of macro features. We
compared the different features represented in the feature
ontology and in the IFCs with the theoretical ideal to as-
sess the ability of the feature ontology to support the
explicit representation of features relevant for cost es-
timators. We assigned 1 point for each feature represented
explicitly using the feature ontology and the IFCs. Table 1
shows that the feature ontology represents 92% of the cost-
driving features explicitly whereas the IFCs represent
2.3% of the cost-driving features explicitly. These results
suggest that the feature ontology explicitly represents
substantially more cost-driving features than the IFCs
and that the features formalized in the feature ontology
approach the theoretical ideal for the three feature types
shown.

Table 1. Comparison of features represented in feature ontology and in IFCs to assess ability of feature ontology to
support explicit representation of cost-driving features

Features Theoretical Ideal Feature Ontology IFCs

Component Walls 1 1 1
Columns 1 1 1

Intersection Turns 1 1 0
Openings 1 1 1
Penetrations 1 1 0
Wall–beam intersections 1 1 0
Wall–countertop intersections 1 1 0
Column–slab intersections 1 1 0

Macro ~component similarity! Similarity of heights 1 1 0
Similarity of width 1 1 0
Similarity of type 1 1 0
Similarity of shape 1 1 0
Similarity of location 1 0 0

Represented explicitly 13 12 3

The theoretical ideal represents the component, intersection, and macrofeatures that estimating experts confirmed are important for
interior wall and concrete column construction. The results show that the feature ontology represents 92% of the features explicitly
whereas the IFCs represent 2.3% of the features explicitly. These results suggest that the feature ontology represents cost-driving
features more explicitly than the IFCs and that the features represented in the feature ontology approach the theoretical ideal.
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4.2. Cost estimators represent the design conditions
affecting construction costs for two component
types

To demonstrate the generality of the feature ontology, we
modeled costs for two different component types in three
retrospective test cases. Different features and feature prop-
erties impact costs for these two component types. Table 2
shows the different features represented in the feature on-
tology for each component type. The ability of practitioners
to represent different features for different component types
demonstrates the generality of the feature ontology.

4.3. Cost estimators specify their preferences for
representing the design conditions affecting
construction costs

As evidence that the feature ontology is general, we dem-
onstrated that 13 different estimators could specify their
preferences for representing the features that affect con-
struction costs in the different test cases. We tested whether
four different estimators of drywall construction can spec-
ify their preferences for representing features in FeaGen.
We also tested whether estimators from two different con-
struction domains can represent their preferences in the three
retrospective test cases. Finally, we tested whether the eight
practitioners in the charrette test can specify their prefer-
ences for representing features in FeaGen. The different
users of FeaGen did not encounter difficulty using the sys-
tem. These tests demonstrate generality across user types
and suggest that the feature ontology is sufficiently flexible
to represent different estimators’ preferences.

4.4. Cost estimators generate and maintain cost
estimates better with feature-based product
models than with IFC-based ones

We developed a prototype cost estimating application called
ACE to test whether the feature ontology helps estimators
to generate and maintain cost estimates more accurately,

consistently, and quickly than current methods. ACE auto-
matically customizes activities and resources based on the
features in the estimator-focused feature-based product model
created in FeaGen~Fig. 10!. In the remainder of this sec-
tion, we first describe how ACE generates and maintains
cost estimates with estimator-focused feature-based prod-
uct models, and then describe how we used ACE to validate
the feature ontology.

Estimators using ACE first represent their preferences
for how the cost estimate should be adjusted for each of the
generic cost-driving features specified by the estimator in
FeaGen. Estimators adjust the project’s activities, re-
sources, and resource productivity rates to account for the
cost impact of different features. We created different tem-
plates to provide a formal way for estimators to specify the
features that affect activities~Activity Specification tem-
plates! and the features that affect resources~Resource
Specification templates; Staub–French, 2002, chap. 3!.

Figure 11 shows the attributes of Activity and Resource
Specifications and examples of estimators’ rationale for ad-
justing activities and resources for the features from the dry-
wall case example. Activity Specification templates capture
estimators’ rationale about how and when activities are re-
quired for different features. Estimators fill inActivity Spec-
ification templates by specifying thefeaturethat requires the
activity, thedesign conditionthat dictates when the feature
requires the activity, theactivity ~represented as an action–
object pair! to instantiate if the feature exists and the design
condition is satisfied, and thecost implicationof the activity.
Resource Specification templates capture estimators’ ratio-
nale about when resources are required for a given activity
and when and how to adjust resource productivity rates for
different features. Estimators fill in Resource Specification
templates by specifying the activity~represented as an action–
object pair!, theresource, the design condition that dictates
when the feature affects the resource, and if applicable, the
adjustmentto make to the resource’s productivity. ACE le-
verages the estimator’s rationale captured by the templates
to generate and maintain construction cost estimates.

Table 2. Features represented in feature ontology for two test cases on walls and columns

Component Features Intersection Features
Macrofeatures

~Component Similarity!

Walls Turns Similarity of height
Openings Similarity of width
Penetrations Similarity of type
Wall–beam intersections
Wall–countertop intersections

Columns Column–slab intersections Similarity of height
Similarity of width
Similarity of length
Similarity of shape

The ability of practitioners to represent different features for different component types provides evidence for the generality of the
feature ontology.
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Fig. 10. The different steps of the activity and resource customization process we formalized and implemented in ACE to support the generation and maintenance of construction
cost estimates with feature-based product models. We used ACE to validate the feature ontology by showing that estimator-focused feature-based product models enable
estimators to generate and maintain cost estimates more accurately, consistently, and quickly than IFC-based product models.
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In ACE, we implemented a formal process that automat-
ically customizes activities and resources when generating
and maintaining cost estimates for estimator-focused feature-
based product models~Staub–French, 2002, chap. 4!. Fig-
ure 10 shows that ACE executes three steps to generate and
maintain construction cost estimates for feature-based prod-
uct models:

1. Customize Activities:ACE customizes the activities
for each component feature being estimated based on
the estimator’s rationale in Activity Specifications and
the features in the estimator-focused, feature-based
product model.

2. Customize Resources:ACE customizes each activi-
ty’s resources and resource productivity rates based
on the estimator’s rationale in Resource Specifica-

tions and the particular features in the estimator-
focused, feature-based product model.

3. Generate and Maintain Construction Costs:ACE cal-
culates each activity’s quantities and duration to de-
termine the activity’s labor and material cost. If the
estimate is based on a revised design, ACE identifies
the cost information affected and reconciles the activ-
ities and resources so that the design and estimate
remain in balance. ACE creates cost estimates consist-
ing of resource-loaded and cost-loaded activities that
are explicitly related to the features in the estimator-
focused feature-based product model.

We used ACE to demonstrate that the estimator-focused
feature-based product model helps estimators to generate
and maintain cost estimates more accurately, consistently,

Fig. 11. Estimators use Activity and Resource Specification templates in ACE to represent their preferences for how activities and
resources should be adjusted for each of the generic cost-driving features specified by the estimator in FeaGen.
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and quickly than IFC-based product models~Staub–
French, 2002, chap. 5!. To assess the accuracy of the esti-
mates, we evaluated thelevel of completenessof estimates
generated by 13 estimators using ACE and compared them
to estimates generated by the same estimators using Tim-
berline’s state of the art Precision Estimating~PE! soft-
ware ~Timberline Software Company, 2001!, which is an
industry standard for cost estimating software. We used
level of completeness to measure the extent to which esti-
mators accounted for the cost impacts of features explic-
itly. If estimators used ad hoc methods or overlooked the
cost impact of features, they received a lower score for
completeness. We defined a theoretical ideal to represent
the most complete estimate for each test case. We crafted
the theoretical ideal based on interviews with estimating
experts of interior wall and concrete column construction.
The theoretical ideal represents the cost impacts of fea-
tures explicitly and excludes ad hoc methods used by esti-
mators. We also evaluated the ability of ACE and PE to
capture and reuse the estimators’ rationale to maintain the
cost estimates when the design changes by recognizing

changes to relevant features and feature properties and
their associated cost impacts based on the estimators’
rationale.

Table 3 shows the results of the four validation tests in-
dicating the level of completeness of estimates generated
by estimators using ACE and state of the art software tools.
Estimators using ACE generated estimates that are 86%
complete whereas the same estimators using state of the art
software tools generated estimates that are 68% complete.
Table 4 shows the results of the four validation tests indi-
cating the level of completeness of revised estimates for
specific design changes using ACE and state of the art soft-
ware tools. These results show that ACE helps estimators to
maintain estimates that are 92% complete whereas state of
the art software tools help estimators to maintain estimates
that are 29% complete. These results are presented graphi-
cally in Figure 12. The results of the validation tests dem-
onstrate that the estimator-focused, feature-based product
model enabled estimators using ACE to generate~Table 3,
Fig. 12! and maintain~Table 4, Fig. 12! more complete cost
estimates than the same estimators using state of the art

Table 4. Summary of results from four validation tests measuring level of completeness of revised estimates for
specific design changes using ACE and state of the art software tools

Theoretical Ideal ACE Process State of the Art Process

Validation Test
Level of

Completeness
Complete

~%!
Level of

Completeness
Complete

~%!
Level of

Completeness
Complete

~%!

Charrette 13 100 11.5 88 4 31
Sequus Project 12 100 11.25 94 3.75 31
DPR Office Project 16 100 14.75 92 3.75 23
Bay Street Project 16 100 14.75 92 5 31

Total 57 100 52.25 92 16.5 29

These results show that ACE maintains estimates that are 92% complete whereas state of the art software tools maintain estimates
that are 29% complete. These results demonstrate that the estimator-focused feature-based product model enabled estimators to
maintain substantially more complete cost estimates than state of the art software tools that use IFC-based product models.

Table 3. Summary of results from four validation tests measuring level of completeness of estimates generated by
estimators using ACE and state of the art software tools

Theoretical Ideal ACE Process State of the Art Process

Validation Test
Level of

Completeness
Complete

~%!
Level of

Completeness
Complete

~%!
Level of

Completeness
Complete

~%!

Charrette 13 100 12.13 93 5.63 43
Sequus project 12 100 10 83 10 83
DPR office project 16 100 14 88 11 69
Bay street project 16 100 13 81 12 75

Total 57 100 49.13 86 38.63 68

These results show that estimators using ACE generate estimates that are 86% complete whereas the same estimators using state of
the art software tools generate estimates that are 68% complete. These results demonstrate that the estimator-focused feature-based
product model enabled estimators to generate more complete cost estimates than state of the art software tools that use IFC-based
product models.
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software that uses IFC-based product models. These results
suggest that estimators using ACE can generate and main-
tain cost estimates that are less ad hoc and contain fewer
omissions with feature-based product models than with IFC-
based product models. The charrette test also demonstrated
that practitioners using ACE were able to more consistently
identify the correct cost impact and identify the cost im-
pacts 17% faster using ACE when compared with state of
the art tools using IFC-based product models. Therefore,
the four validation tests demonstrate the power of the fea-
ture ontology by showing that the estimator-focused feature-
based product model helps estimators to account for the
cost impact of features more accurately~completely!, con-
sistently, and quickly using ACE than with state of the art
software that uses IFC-based product models.

5. CONCLUSIONS

Current industry standard representations of building prod-
uct models, such as IFC-based product models, do not rep-
resent many of the different design conditions that affect
construction costs. Our research formalized a vocabulary that
classifies three types of features, defines the attributes and
functions of each feature type, and represents the relation-
ships between features explicitly. The descriptive semantics
of the model are flexible enough to represent estimators’var-
ied preferences for naming features, specifying the features

that result from component intersections and the similarity
of components, and grouping features that affect a specific
construction domain. We also formalized a framework im-
plemented in a software prototype to represent estimators’
preferences about cost-driving features in a project-
independent way so that this knowledge can be reused from
project to project to create estimator-focused product mod-
els that support feature-based cost estimating.The power and
generality of the descriptive semantics of the model were val-
idated for certainclassesofproblemswith industrial test cases.

The feature ontology presented in this paper is limited in
several ways. It does not represent all the types of features
that affect construction costs. For example, material fea-
tures, such as the workability of concrete, and features that
result from the proximity of components, such as the prox-
imity of a duct run to a pipe run, may also affect construc-
tion costs. These types of features are currently not
represented in the feature ontology. The feature ontology is
also unable to represent similarity of location, as shown in
the theoretical ideal in Table 1. Although we implemented
mechanisms to identify most intersection features, addi-
tional research is needed to develop mechanisms that iden-
tify intersection features resulting from physical conflicts
between components, which require conflict detection mech-
anisms. We also recommend additional testing to validate
the generality of the feature ontology across different con-
struction domains in addition to building construction.

Fig. 12. The results of the four validation tests show that the level of completeness of estimates generated and maintained from the
estimator-focused feature-based product model in ACE is significantly greater than using state of the art tools and approaches the
theoretical ideal.
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This research extends the concept of product features that
is used extensively in the manufacturing industry to the do-
main of cost estimating for building construction. The re-
sults of this research demonstrate that features provide a
theoretical framework for representing the design condi-
tions that are important for estimating the costs of building
construction. This research also demonstrates that formal on-
tological models provide a foundation for representing cost
estimating knowledge about the product features that impact
construction costs. The validation studies provide evidence
for the power of the formal ontological modeling approach
in representing knowledge and developing knowledge-based
programs for the domain of construction cost estimating.

Automating the generation of feature-based product mod-
els that support construction cost estimating has the poten-
tial to significantly reduce the time it takes to generate and
maintain cost estimates, improve the efficiency and consis-
tency of the cost estimating process, and improve the accu-
racy of cost estimates. Today, estimators spend significant
amounts of time analyzing building designs to identify all
the project-specific instances of cost-incurring design con-
ditions in a given product model. If these design conditions
could be identified automatically, estimators could provide
cost feedback in significantly less time. As a result, project
teams could perform what-if analyses on different designs
and explore a larger variety of design alternatives to iden-
tify the lowest cost design. Moreover, estimators could pro-
vide feedback to designers on the specific features that are
impacting construction costs. Hence, project teams can le-
verage feature-based product models to develop more cost-
effective and constructable designs in less time.
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