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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 imp@réanincur a

cosh 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 ity (IAl), 2001, the primary product model exchange
standard for the architecture, engineering, and construc-
Understanding how the building design influences construction industry. Industry standard IFC-based product models
tion costs is a challenging task for estimators. Estimatorgnable the sharing of product models with other software
must identify the design conditions that are importaet, applications. Cost estimating applications leverage IFC-
incur a cost and adjust the activities, resources, and re-based models by extracting dimensional information for
source productivity rates that form the basis of a cosiguantity takeoff calculationg§Timberline Software Com-
estimate for a particular design. Current architectural 3pany, 2001. However, in addition to dimensional informa-
dimensional(3-D) modeling applications can now export tion, other types of design conditions impact the cost of
semantically rich product models using Industry Founda-constructing building components, such as openings, pen-
tion ClassesIFCs, International Alliance of Interoperabil- etrations, and component similarity. Estimators have dif-
ferent preferences for describing these different design
Reprint requests to: Sheryl Staub—French, Department of Civil Engi—condltlons and t.he impact they ha.lve on a specific compo-
: A nent’s construction cost. To provide product models that

neering, University of British Columbia, 2324 Main Mall, Vancouver, BC - ) -
V6T 174, Canada. E-mail: sherylsf@civil.ubc.ca are useful for cost estimating, estimators need a vocabu-
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lary for describing the different types of design conditionsare important to them, defining component similarity, and
that affect construction costs and a framework to capturspecifying the features and properties that affect a specific
this knowledge from estimators so that it can be reuse@domponent’s construction costs. We implemented the ontol-
from project to project in feature-based cost analysis.  ogy in a knowledge-based software prototype that analyzes
Previous research efforts identify the different design conthe geometry of components and the topological relation-
ditions that affect construction cosf(élanna & Sanvido, ships between components in standard building product mod-
1990; Fischer, 1991; Sanders & Thomas, 1991; Smith &els to identify the cost-driving features that are important to
Hanna, 1993; Thomas & Zavrski, 199However, these a particular cost estimator. The feature ontology enriches
researchers do not provide a formal way for practitioners tahe current representation of the standard building product
represent the design conditions they care about accordingodel by transforming designer-focused product models
to their preferences. In our research, we use features timto estimator-focused feature-based product models that
describe the different design conditions that impact consupport feature-based cost estimating. The main contribu-
struction cost. Features are used extensively in the manuions of the paper are the feature ontology and the computer-
facturing industry to describe the parts of a product desigrinterpretable templates that use the attributes of the ontology
that affect manufacturability, inspectability, serviceability, to capture this knowledge from estimators.
and so forth(Cunningham & Dixon, 1988; Shah, 1901
However, the feature representations developed in the man-,  ~ase examoles
ufacturing industry do not fully support the representation™ ™" P
of product models for buildings. Our research applies theThis section describes two case examples that illustrate the
manufacturing concept of features to building constructiorpractical motivation for this research. The case examples
and extends it to represent the features that are useful &hown in Figure 1 highlight several design conditions that
construction cost estimators. affect drywall and concrete column construction. For each
This paper describes the ontology we formalized to repcase example, we describe the different design conditions
resent cost-driving features of building product models. Thehat estimators consider when creating a cost estimate. For
feature ontology classifies the features that affect cost, dedrywall construction, we describe two drywall estimators’
fines attributes to describe each feature type, and represermsrspectives to illustrate the different vocabularies estima-
the relationships between features explicitly. The featureéors use to describe the design conditions they care about.
ontology represents three types of featuoesnponent fea- Estimators must identify the design conditions that affect
turesresult from components in standard building productthe project’s activities, resources, and resource productivity
models,intersection featuresesult from intersections of rates when configuring a cost estimate for a particular de-
components, andchacrofeaturegesult from the similarity  sign. Estimators from the same domain have different pref-
of components. The vocabulary defined in the ontology enerences for what design conditions they consider, and
ables estimators to represent their varied preferences fastimators from different domains consider different design
naming features, specifying the component intersections thatonditions. Figure 2 shows the design conditions that two

Circular Concrete Square Concrete
Column Column

Column (Existing)  Beam (Existing)

Wall _
(“Wall1?)  Door and Window Cosngt?'fe A
@ (b)

Fig. 1. The building components in drywall and concrete column case examples illustrating the different design conditions that affect
construction costs(@ The building components in the office project case study. The drywall estimator estimates the costs for
constructing the four walls showiib) The building components in the retail store case study. The concrete estimator estimates the
costs for constructing the columns shown.
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Design Conditions Relevant to
Drywall Estimator #1

Design Conditions Relevant to
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Concrete Column Estimator

Drywall Estimator #2

Wall Height > 8'

Wall Height >= 10"

Column-Slab
Intersections

Wall Turns

Wall Turns

Component Similarity:
75-100% of Column
Shape & Size are Similar

Component Similarity:
75-100% of Wall Heights
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Component Similarity:
90-100% of Wall Heights
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Component Similarity:
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Locations are Similar
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Fig. 2. The design conditions that are important to drywall and concrete estimators for the two case examples.

drywall estimators consider and the design conditions that Current cost estimating software, such as Timberline
the concrete column estimator considers. The two drywalSoftware Company’s Precision Estimatit&)01), and con-
estimators consider the same design conditi@ng., wall  cepts found in the literaturéAouad et al., 1994; Froese
turng, use different terms to describe the same design coret al., 1996; Stumpf et al., 1996; Laitinen, 1998; Marir
dition (e.g., wall-beam intersection and structural penetraet al., 1998; Slaughter, 20pallow estimators to represent
tion), and have different preferences for describing the concepheir preferences for assembling cost items to construct a
of component similaritye.g., 75—-100% of wall heights and component based on design conditions that are specific to
90-100% of wall heights and type®rywall and concrete the properties of the component, such as its curvature.
estimators consider similar design conditigasgy., compo- However, as Figure 2 shows, many other design condi-
nent similarity, but some design conditions are unique to ations affect construction costs in addition to component
specific domair(e.g., the column-slab intersections properties. Design conditions can be based on:
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o properties of componen(s.g., the curvature and height
of the wal)),

e groupings of componeni®.g., the grouping of walls
based on component similarjty

¢ intersections of components.g., the structural pen-
etration resulting from the intersection of the wall and
beam, and

¢ properties of component intersectiofesg., the orien-
tation of wall turns.

Itis 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 3.

product model, estimators often employ ad hoc methods
(e.g., fudge the productivity rate to account for wall tyrns
overlook the cost impact of design conditiofesg., over-
look structural penetrations and their cost impaahd 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

S. Staub—French et al.

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.

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.

it). Consequently, the current inefficient and inconsistent ) o
cost estimating process often leads to inaccuracies and omis- 1 € feature ontology we formalized meets these criteria.
sions in the resulting cost estimate and limits the ability ofThe next section describes the related research background.

estimators to provide cost feedback to designers about the

cost implications of their design decisions. For automation2, RELATED RESEARCH BACKGROUND

estimators need a vocabulary to describe design conditionF t the feat q ties that . tant
that affect construction cost and a framework for represent-0 represent the leatures and properties that are importan
ing them generically in the computer to enable the autol0 cost fastlmatorsZ this research. builds on prior researgh in
matic generation of feature-based product models tha?ntologlca! modeling and combines land .extends previous
support cost estimating. research in construction cost estimating and product
We developed a vocabulary usifigaturesto represent madeling.
the different design conditions that are important for esti-
mating the cost of building construction. We refer to com-2.1. Prior research on ontological modeling

polnents in a building ]E)roduc;_:odelr,] SUCE as nglSd andGruber(1995) defines an ontology as an “explicit specifi-
columns, agompenent feature3hroughout the remainder 405 of 5 conceptualization.” He refers to a conceptuali-

Of. this paper, the terms component feature and component iy as the objects, concepts, and other entities that are
will be used !ntercharjgeably. We refer fo features that '®3ssumed to exist in some area of interest and the relation-
_sult from the mte_rsectlon _of two components, such as Openéhips that hold among them. The two main elements of
ings and turns, ansnters_,ectlon featuresie refer to features. ontologies are concepts and relations, where concepts are
that result from groupings of c_:ompgnents, suchas 9roupiNgsed to define and explain things and relationships order
walls based on component similarity, macrofeatures the concepts, often in a hierarchical struct(Wéeinstein &
Birmingham, 1998; Scholten & Beulens, 200@ntologies

can be viewed as a framework to represent the semantics of
data about a certain domain and are used extensively in
The goals of this research were to formalize an ontology tartificial intelligence researctScholten & Beulens, 2002
describe the features that affect building construction cost®ntologies are particularly useful for representing domain-
and to provide a computer-interpretable way for estimatorspecific knowledge and developing knowledge-based tech-
to specify their preferences for the features that affect amnologies because they provide a common vocabulary,
specific construction domain. The drywall and concrete casexplication of what has been often left implicit, systemati-
examples demonstrate that the ontology needs to be formatation of knowledge, standardization, and metamodel func-
general, and flexible to represent the different features thaionality, where the concepts and relations among them are
affect construction costs: used as building blocks for the mod@¥izoguchi, 200}.

1.2. Research goals
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We use ontologies to represent construction knowledge aboatanufacturing concept of features to building construction
cost-driving features of building components. We use theand extends it to represent the features that are useful to
concept of features and define the objects, attributes, ancbonstruction cost estimators.

relationships of different classes of features ordered in a Several researchers use features to represent the building
hierarchical structure to enable feature-based cost estimaomponents that are important in the design pro¢Eksy-

tion. Our feature ontology is formal in the sense that itton et al., 1996; van Leeuwen, 1998iowever, they do not
explicitly defines the terms, relationships, and hierarchicarepresent features that result from intersections of compo-
structure to represent the concepts for describing costents and the similarity of components that are important
driving features of building components, and in the sensédor building construction. Cunningham and Dix¢h988

that it is implemented in the computer. The formal featureformalize intersection features to represent features that
ontology enables a knowledge-based program to systemagmerge from intersections of primitive and add-on features
ically perform feature-based cost estimation. (e.g., corners They formalize macrofeatures as prespeci-
fied combinations of primitivege.g., boxes We extend

the definition of intersection features to represent building
designs by defining intersection features as the intersection
Many researchers identify the design conditions that affecof component features. We extend the definition of macro-
the cost of building constructiofHanna & Sanvido, 1990; features to represent the concept of component similarity.
Fischer, 1991; Sanders & Thomas, 1991; Smith & HannaWe define macrofeatures as prespecified combinations of
1993; Thomas & Zavrski, 1999For example, Hanna and other features. We represent component similarity as “group-
Sanvido(1990 recognize that component similarity limits ings” of components based on the feature propamylarity.

the applicability of different formwork systems, and Tho- Cunningham and Dixof1988 formalize the classifica-
mas and Zavrsk{1999 recognize that penetrations and tion of intersection features and macrofeatures, but they do
turns affect resource productivity. However, these researchiot formalize attributes of each feature type to enable prac-
ers do not provide a vocabulary or a framework for practi-titioners to create or customize instances of intersection
tioners to specify the design conditions that matter to themand macrofeatures. We formalize the different attributes of
They do not provide a formal way for practitioners to specify intersection and macrofeatures to provide a formal way for
new design condition&.g., the wall-beam intersectipor ~ estimators to represent the component intersections that af-
customize existing design conditiofesg., how component fect construction costs and to define component similarity
similarity is representeédased on their preferences. 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-
Several researchers represent components, attributes of cotnres. However, the IFCs do not provide a way to filter the
ponents, and relationships between components in buildcomponent feature’s connections that are important to an
ing product models explicitly and generally. They represenestimator. For example, the wall’s connection with the ceil-
many of the components and component properties thahg and floor were not important to the drywall estimator
affect the cost of building constructidBjork, 1987; Giel-  whereas the wall's connections to other wdliall turng
ingh, 1988; IAl, 200)1. However, they do not explicitly and to the bearfstructural penetratiorwere important be-
represent many of the design conditions that affect coneause these connections impact drywall construction costs.
struction costs, such as penetrations and component simidoreover, some component connections are not explicitly
larity. We use the building components and componentepresented in IFC-based product models because the de-
properties formalized by the IFCs but extend building prod-signer does not intend for the components to be connected.
uct models using the concept of features to represent thEor example, the connection between the wall and the beam
design conditions that affect construction costs. Producemerges based on the architectural and structural designs.
features are used extensively in manufacturing to describ&he results from our research provide a formal way to rep-
the geometric forms or entities in a product model that areesent the component connections that affect construction
important in some aspect of the manufacturing processosts by instantiating these connections as intersection
(Cunningham & Dixon, 1988; Shah, 199 However, the features.
feature representations developed in the manufacturing in- Estimators need to be able to specify the features that
dustry do not fully support the representation of building affect a specific component’s construction costs. Many re-
product models. Specifically, building product models con-searchers provide a formal way to group features based on
tain different features and different types of products, anchow they influence manufacturing proces¢€sinningham
the wide range of specializations of firms serving the build-& Dixon, 1988; Hyer & Wemmerlov, 1984; Shah, 1991
ing construction industry heightens the need for user cusFor example, Cunningham and Dixdh988 determined
tomizability. In summary, our research applies thethat “feature sets” could be deduced by a process-activity

2.2. Prior research on construction cost estimating

2.3. Prior research on product modeling
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pair, such as a feature set for the activity of manufacturabil- We implemented the feature ontology in a software
ity evaluation in the process of injection molding. A corre- prototype called Feature Generat@feaGen, Fig. B
sponding example for this research would be a feature séieaGen provides the framework that uses the ontology
for the activity of cost estimating in the process of drywall to represent estimators’ preferences for the features and
construction. However, they do not represent the featur@roperties that affect construction costs. Estimators re-
sets that are important to estimators of building construcpresent the relevant intersection features and customize
tion, and they do not provide a flexible representation thacomponent similarity in FeaGen in user-customizable
allows practitioners to specify the features that should bé-eature Specification templates that use the attributes of
assigned to a feature set. For example, the feature set fone different feature types formalized in the feature ontol-
wall construction includes openings, turns, and structurabgy. Estimators also specify the sets of features and prop-
penetrations. The IFCs represent property sets for differerdgrties that affect a specific component’s construction costs.
component types to represent the properties that are impoFeaGen represents the cost-driving features and properties
tant to designers. However, the IFCs do not use propertgpecified by the estimator generically so that they can be
sets to represent the properties that are important to costused from project to project. Each time an estimator
estimators, and they do not provide a formal way for esti-wishes to create an estimate for a specific project, FeaGen
mators to specify the properties of componef@sg., cur- uses the generic cost-driving features to create a project-
vature of wallg and intersection featurée.g., orientation specific feature-based product model that represents the
of turng that affect construction costs. Our research exfeatures and properties that are important to the cost esti-
tends the application ofeature setsand property setdo  mator. We created another software prototype called
cost estimating of building construction. Activity-Based Cost EstimatingACE) that uses the

In summary, previous research efforts in cost estimatingstimator-focused feature-based product model to generate
identify many of the design conditions that affect construc-and maintain construction cost estimat&aub—French,
tion costs, but they do not provide a formal way for practi- 2002).
tioners to represent the design conditions they care about. The next sections describe the feature ontol¢ggc-
Prior research efforts in feature-based product modelingion 3.1), the Feature Specification templates and mecha-
represent components, the connectivity between compaisms developed to represent cost-driving features generically
nents, and feature sets and property sets of components. the computefSection 3.2, and the mechanisms imple-
However, they do not provide a flexible representation thaimented to create project-specific feature-based product mod-
allows estimators to represent the component connectiorsls(Section 3.3.
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 not3.1. A feature ontology
provide a way for estimators to specify the feature sets that

are important for a specific construction domain and thel e research challenge with respect to formalizing a vocab-

property sets of features that affect construction cost. 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-
3. REPRESENTING THE FEATURES THAT erences for representing design conditions, and different
AFFECT CONSTRUCTION COSTS design conditions affect different construction domains. The

Our feature ontology classifies the features that affect cosPNtology we formalized addresses these challenges by pro-
formalizes attributes to describe each feature type, an¥iding & general way to describe design conditions using
represents the sets of features and properties that aﬁe_@atures and m_1p|ementmg the generic feature descriptions
costs for a specific construction domain. To create thd" US€r-customizable templates.

ontology, we identified the different design conditions that o

affect construction costs by reviewing previous research irs-1.1. Classifying features

this area and interviewing cost estimators. We interviewed The case examples demonstrated that features can be com-
14 different cost estimators from five different construc- ponents(e.g., a wall, features can emerge from intersec-
tion domains. We interviewed 2 general contractors and 12ons of componentse.g., the featuréurn emerges from
subcontractors that self-perform construction work on dry-ntersections of walls and features can emerge from group-
walll, structural concrete, mechanical ductwork, process pipings of components based on their similar{g.g., wall

ing, and electrical systems. We implemented three cassimilarity based on similar wall heightsConsequently, we
studies on two drywall construction projects and one caselassify features into the following types:

study on a concrete column construction project. We ab-

stracted the different vocabularies used by estimators to 1. Component Features:eatures that result from com-
describe the design conditions that affect construction costs  ponents in an IFC-based building product model, such
for the types of conditions that we studied. as walls and columns.
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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.

2. Intersection Featureg=eatures that result from inter- common to all features, and other attributes are specific to
sections of components, such as penetrations and turna.feature type. The common attributes of all features are as

3. Macrofeaturesfeatures that result from prespecifie
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

https://doi.org/10.1017/50890060403172034 Published online by Cambridge University Press

d follows:

1. Feature NameThe 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 penetratidifrig. 2).

. Property SetThe 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 featuréurn. We use properties to describe
the attributes of features to be consistent with the ter-
minology used in the IFCs.
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Feature Type Feature Type Definition Example from Case

Features that result from
Component Features | components in an IFC-based
building product model.

Features that result from

Intersection Features . .
intersections of components.

Features that result from pre-
specified combinations of other

Macro Features features. We focused on macro
features that emerge based on
the similarity of components. Component Similarity:
75-100% of Wall Heights
are Similar

Fig. 4. The ontology classifies features into three types: component features, intersection features, and macrofeatures.

3.1.3. Attributes of component features 2. Related Component(syhe component classes of the
The attributes of component features enable estimators  intersecting components for the related component.

to specify the features and properties that affect a specific ~ For example, to represent the wall-beam intersection

component’s construction costs. The attribute specific to ~ feature, the estimator specified wall for the relating

component features is: component and beam for the related components. To
represent the opening feature, the estimator specified
1. Feature SetThe estimator’s preference for the fea- wall for the relating component and door and window

tures that affect a specific component’s construction for the related components.
costs. For example, the estimator in the drywall case _
example represented wall-beam intersections, turns3-1.5. Attributes of macrofeatures

and openings in the feature set for walls. The attributes of macrofeatures provide a formal way for
_ _ _ estimators to represent the concept of component similarity
3.1.4. Attributes of intersection features according to their preferences. Estimators have different

The two attributes of intersection features are based opreferences for what component properties need to be sim-
the attributes used by the IFCs to represent the relationshipar and how much variation is acceptable for component
between component$Al, 2001). Estimators have different similarity to exist. The attributes formalized to represent
preferences for what component intersections are imporeomponent similarity are:
tant for estimating a specific component’s construction cost
and how to name the component intersections. The attributes 1. Component GroupedThe component that is being

of intersection features allow estimators to specify the cost- ~ evaluated for similarity. In the drywall case example,

driving features that result from intersections of compo- the estimator specified the wall component class to

nents. The two attributes of intersection features are: evaluate for component similarity. The component

grouped can be different from the component being

1. Relating ComponentThe component class that the estimated. For example, the similarity of columns can

estimator is estimating. From the case examples, the  affect the formwork operations and cost for construct-
estimators considered wall and column components. ing the slab component.
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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.

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 g
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 VariationThe overall variation of the com-
ponents(see item 1 allowed to achieve component
similarity. This attribute is needed because estimators-2-
have different preferences for the degree of similarity

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.

. 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.

A framework for estimators to represent
cost-driving features

that must be achieved for component similarity to €x-FeaGen implements the objects and attributes of the feature
ist. In the drywall case example, the estimator pre-pntology to provide a formal, flexible, and computer-
ferred that 75-100% of the walls have similar heightsinterpretable way for estimators to specify the design con-

(see item 4 for component similarity to exist. ditions that are important to them. Estimators use Feature
4. Similar Component Propertie'he component prop- Specification templates to specify the features and proper-
erties(or property of the component grouped that will ties that affect a component’s construction costs, to repre-
be compared to determine whether the components argent the cost-driving component intersections as intersection
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features, and to define component similarity according tahat are represented in the IFCs. Figure 6 shows the user in-
their preferences. terface from FeaGen and example feature and property sets
specified by the estimator from the drywall case example to
3.2.1. Represent the generic features and properties  estimate wall components. If estimators want to add a new
that affect a component's construction costs feature or property to the feature set or property set, they sim-
FeaGen uses the feature set and property set attributes plfy select the generic feature or property from the available
the ontology in its framework to allow estimators to specify features and properties and add it to the feature set or prop-
the features and properties that affect a specific componentirty set. If the desired intersection or macrofeature is not avail-
construction cost. We represent the same component classaisle, estimators need to first create the feature before adding

w_Feature Editor - o] x|
Select Component to Construct: ||ntengm,aa|| ;I
~ Component Specifications
P P —Feature Set
I Product T
Features |
Product Features fvailable Product Features Specified
Select Feature to Add - B Dimension_Change
I _I —I Direction_Change
Grouping
il Opening
Penetration
S/ all- Beam Connechon
‘wall-Countertop_Connection

Cancel oK
(a)
w. Feature Editor - O] x|
Select Component to Construct [|me,.i.3hfva|| j
—Component Specifications !
—Property Set
[ [ L] ] e
Properties
Component Properties Available Component Properties Specified
Select Property taddd - = ¥ Area -
| J _I Battom_E lewation
p | Curved
Height
Length
Thickness :]

Cancel | OK |

(b)
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 constructia@céstexample feature set for walls

specified by the estimator from the drywall case exam@eAn 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 sectionpreferences for defining component similarifig. 7). Es-
FeaGen represents this knowledge independent of a projetitnators specify the properties of the component that need
so that it can be reused from project to project to identify theto be evaluated for similarity using the similar component
relevant features and properties when creating a featurgroperty attribute and the degree of similarity that needs to

based product model that supports cost estimating. exist using the component variation and property variation
attributes. Estimators can use these attributes to represent a

3.2.2. Represent generic instances of intersection variety of definitions for component similarity. Figure 7

feature shows an estimator’s preference that 90-100% of the wall

FeaGen uses the relating component and related compbeights be similar for component similarity to exist.

nents attributes of the ontology in its framework to allow The next section describes how FeaGen creates a project-
estimators to specify the component intersections that afspecific feature-based product model using the generic cost-
fect construction costs using the terminology that the estidriving features specified by the estimator.
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—3'3' Create feature—ba_\sed produc_t mo_dels to
ure 5 shows instances of intersection features from the ~ SUPPOTt construction cost estimating
drywall case example and the attribute values for each feaFeaGen transforms a designer-focused product model into
ture. If estimators want to create a new intersection featurea feature-based product model that supports cost estimating
they have to specify the attribute values of intersection feausing the generic cost-driving features specified by the es-
tures in the Feature Specification template. For example, ifimator (Fig. 8). In FeaGen, the input 3-D model is created
estimators want to represent the intersection of the wall andsing Bricsnet ArchitecturaléBricsnet, 2001 The repre-
the ceiling as a feature, they specify the feature néerg,  sentation of product models in Bricsnet is very similar to
wall—ceiling intersectiop specify wall in the relating com-  product models represented using the IFCs. FeaGen ana-
ponent attribute, specify ceiling in the related componentsyzes the geometry and topological relationships between
attribute, and if applicable, specify the relevant propertiegshe components in the input IFC-based product model to
using the property set attribute. Based on the estimatorgdentify the generic cost-driving features and properties spec-
selections in the related components and property sdfied by the estimator.
attributes, FeaGen knows what component intersections and To create a project-specific feature-based product model,
feature properties to identify in a given product model for FeaGen executes the four steps shown in Figure 8, which
the component specified in the related component attributare as follows:
to create an estimator-focused feature-based product model.

Step 1. Identify ComponentS:he estimator selects the com-

3.2.3. Represent generic instances of macrofeatures ponent class to estimate. In the drywall case exam-
(component similarity) ple, the estimator selects the component class wall.
FeaGen leverages the attributes of the ontology to pro- FeaGen identifies instances of the component in
vide a framework that allows estimators to represent their the input IFC-based product model. In IFC-based
Comporient Feature T Macro Feature T Intersection Feature

Feature Property: |Simi|.ality j

Component Grouped: Ilnteriur‘v\-‘all El

Direction: IHDrizontaI El

Component Variation: [3) to [100 %

Properties Available Properties Selected Property ¥anation:

| >>| Height +f- |0167 LF
44 |

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 costudeivispefaied by the
estimator.
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Step 2.

Step 3.

product models, components are explicitly repre-
sented as features so FeaGen simply has to query
the input product model to identify them.

Instantiate Component$ieaGen creates instances
for each component identified in the input IFC-
based product model. For example, FeaGen creates
an instance of the component Walll. 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.

Identify Features of ComponentseaGen 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. ldentify Intersection Featuregio identify inter-
section features, FeaGen reasons about the topolog-

145

model based onthe componentclass specified by the
estimator in the component grouped attribute. If the
estimator specified horizontal in the direction
attribute, FeaGen evaluates the building compo-
nents onasingle floor. If the estimator specified ver-
tical in the direction attribute, FeaGen evaluates the
buildingcomponents onallthe floors. Then, FeaGen
analyzes each property of the building component
specified in the similar component properties
attribute. FeaGen cyclesthrough each building com-
ponentinstance 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 the similar components. After FeaGen has
evaluated all the properties of all the components, it
calculates the percentage of similar components by
dividing the number of similar components collected
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.

ical relationships between components, which arestep 4. Instantiate Features of ComponenteaGen cre-

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
explicitin 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):

ates feature instances for each intersection feature
identified in the input product model. For example,
for Walll, 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 modélig. 8).

FeaGen generates a project-specific feature-based prod-

To identify component similarity, FeaGen reasonsuct model that explicitly represents the features and prop-
about the properties of building components of theerties that are important to estimators. The feature ontology
same type to determine whether the property valuegprovides the blueprint for the additions and changes needed
are similar. FeaGen identifies the relevant instanceso transform an IFC-based product model into a product
of building components in the IFC-based productmodel that is useful to cost estimators of building construc-
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Example Intersection Feafures
from Mativating Case

Bricsnet Objects and
Attributes Analyzed

IFC Objects and
Attributes Analyzed

Description of Reasoning
Process

<Form.HasOpenings>

<IfcBuidlingElement.HasOpenings>

FeaGen gueries the objects in
the ‘HasOpenings' attribute of

<Form.Links.Connections>

<lfcRelConnectsElements. RelatedElements>

[T <Form> <IfcBuildingElement> the component to identify
- instances of the 'opening'
Openings <Form.TypeOf> <IfcBuildingElement.UserDefinedType> feature.
FeaGen gueries the objects
Wall Turns <IfcBuildingElement.ConnectedTo> connected to the component in

the ‘ConnectedTo' attribute to
find the intersecting

<Form.Typeof = Wall>
<Form>

<Form.Typeof = Beam>

<IfcBuildingElement.UserDefinedType>
<lfcBeam>

<IfcBuildingElement.UserDefinedType>

O' T — 1 <Form> compaonents, and then analyzes
<IfcBuildingElement> the TypeOf' attribute to identify
H <Form. TypeOf> the intersecting componenis
<IfcBuildingElement.UserDefined Type> that have the same component
type.
Wall-Beam Intersection <Form> <IfcWall>

The topological relationships
between these components are
not explicit. Users identify
these intersection features
manually in FeaGen.

Fig. 9. The objects and attributes of Bricsnet and IFC models analyzed to identify intersection features. Some component intersections are exsiaitlydraptFC-based
product models, such as the wall and door connection. However, some component intersections are implicit in IFC-based product models, sulcanasiibarwabnnection,

and require design conflict detection mechanisms or manual interpretation to identify.
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tion. In other words, the feature ontology provides the mapd.1. Cost estimators represent the design conditions
to relate an IFC-based product model to an estimator-  affecting construction costs more explicitly
focused product model. Our tests show that the estimator-  with the feature ontology than with IFC-based
focused feature-based product model enables estimators to  product models

generate and maintain cost estimates more quickly, consis-

tently, and accurately than cost estimating applications thafo evaluate the extent to which the feature ontology can

leverage IFC-based product models. 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-
4. VALIDATION

tion costs explicitly. We created a theoretical ideal to

The goals of this research were to provide a formal, genfepresent the component, intersection, and macrofeatures
eral, and flexible way for estimators to represent the differ-that are important for interior wall and concrete column
ent design conditions that affect construction costs. Ouconstruction. We crafted this ideal based on interviews
tests provide evidence that the feature ontology meets theseth five estimating experts of interior wall and concrete
criteria. We performed a charrette téStayton etal., 1998  column construction. Table 1 shows the different features
and three retrospective tests to demonstrate the power amepresented in the theoretical ideal for the four test cases.
generality of the feature ontology. The macrofeatures represented in the theoretical ideal fo-

To demonstrate power and generality, we provide evi-cus on representing different definitions of component
dence that demonstrates the feature ontology enables casimilarity and exclude other types of macro features. We
estimators to: compared the different features represented in the feature

« Represent the design conditions that affect Ccmstrucontology and in the IFCs with the theoretical ideal to as-

tion costs more explicitly than standard IFC-based prod-sess. Fhe ability of .the feature ontology to support the
explicit representation of features relevant for cost es-
uct models, . . .
. . timators. We assigned 1 point for each feature represented
¢ Represent the design conditions that affect construc-_ .~ .
. . explicitly using the feature ontology and the IFCs. Table 1
tion costs for two different component types,
. . . . shows that the feature ontology represents 92% of the cost-
o Specify their preferences for representing the design, . . L
" . driving features explicitly whereas the IFCs represent
conditions that affect construction costs, and S -
o . 2.3% of the cost-driving features explicitly. These results
¢ Generate and maintain cost estimates more accuratel 7
. . . uggest that the feature ontology explicitly represents
consistently, and quickly with feature-based product . .
. substantially more cost-driving features than the IFCs
models than with IFC-based product models. . :
and that the features formalized in the feature ontology

The next sections describe the evidence for power andpproach the theoretical ideal for the three feature types
generality in more detail. 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

Columns 1 1
Intersection Turns

1 1

Openings 1 1

Penetrations 1 1
1 1
1 1
1 1

,_\
-
e

Wall-beam intersections

Wall-countertop intersections
Column-slab intersections

Macro (component similarity Similarity of heights 1
Similarity of width 1
Similarity of type 1
Similarity of shape 1
Similarity of location 1

Represented explicitly 13

e
oooo o

OOOOO

N
w

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 consistently, and quickly than current methods. ACE auto-
affecting construction costs for two component matically customizes activities and resources based on the
types features in the estimator-focused feature-based product model

created in FeaGe(Fig. 10. In the remainder of this sec-

To demonstrate the generality of the feature ontology, "&on, we first describe how ACE generates and maintains

modeled costs for two different component types in three : ) .
. ) cost estimates with estimator-focused feature-based prod-
retrospective test cases. Different features and feature prop- . !
L ct models, and then describe how we used ACE to validate
erties impact costs for these two component types. Table

. ; e feature ontology.
shows the different features represented in the feature on- Estimators using ACE first represent their preferences

tology for each component type. The ability of pract|t|onersf0r how the cost estimate should be adjusted for each of the

to represent different features for different component types . - . . .
. generic cost-driving features specified by the estimator in
demonstrates the generality of the feature ontology.

FeaGen. Estimators adjust the project’s activities, re-
sources, and resource productivity rates to account for the

4.3. Cost estimators specify their preferences for cost impact of different features. We created different tem-
representing the design conditions affecting plates to provide a formal way for estimators to specify the
construction costs features that affect activitie@\ctivity Specification tem-

As evidence that the feature ontology is general, we demPlates and the features that affect resour¢®esource
onstrated that 13 different estimators could specify thejSPecification templates; Staub—French, 2002, chap. 3
preferences for representing the features that affect con- Figure 11 shows the attributes of Activity and Resource
struction costs in the different test cases. We tested whethétPecifications and examples of estimators’ rationale for ad-
four different estimators of drywall construction can spec-justing activities and resources for the features from the dry-
ify their preferences for representing features in FeaGenvall case example. Activity Specification templates capture
We also tested whether estimators from two different con£stimators’ rationale about how and when activities are re-
struction domains can represent their preferences in the thréglired for different features. Estimatorsfillin Activity Spec-
retrospective test cases. Finally, we tested whether the eigHtcation templates by specifying ttieaturethat requires the
practitioners in the charrette test can specify their preferactivity, thedesign conditiorthat dictates when the feature
ences for representing features in FeaGen. The differerfgduires the activity, thactivity (represented as an action—
users of FeaGen did not encounter difficulty using the Sysobject paij to instantiate if the feature exists and the design
tem. These tests demonstrate generality across user typ@gndition is satisfied, and tleost implicatiorof the activity.

and suggest that the feature ontology is sufficiently flexibleResource Specification templates capture estimators’ ratio-
to represent different estimators’ preferences. 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 activifsepresented as an action—
object paij, theresource the design condition that dictates
when the feature affects the resource, and if applicable, the
We developed a prototype cost estimating application calle@djustmento make to the resource’s productivity. ACE le-
ACE to test whether the feature ontology helps estimatorserages the estimator’s rationale captured by the templates
to generate and maintain cost estimates more accurateltg generate and maintain construction cost estimates.

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

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

Macrofeatures
Component Features Intersection Features (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 anceroatdastinction
cost estimates with feature-based product models. We used ACE to validate the feature ontology by showing that estimator-focused featuderttaserigisoenable
estimators to generate and maintain cost estimates more accurately, consistently, and quickly than IFC-based product models.
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Estimator's Rationale about Estimators Rationale Input in
Relevant Design Conditions Activities and Resources Required Activity and Resource
for Design Conditions Specification Templates
Wall-Beam Intersection Activity Specification #1
Feature Wall
Action Layout
L . Object Wall
Add Activity "Apply Caulk" if the cﬂst'ec
intersecting wall is fire-rated. Implication | Resource
5 Feature Wall
c =
%g Constraint| Curved = True
oo
Wall Turns Activity Specification #2
Feature Turn
\ Action Layout
I Add Activity "Layout Wall" if the Object Wall
i i i Cost
m ﬂ ggsntatlon of the wall turn is not Implication | Resource
- : 5 Feature Turn
c=
. . %E Constraint| Orientation <> 90
Wall Turn Orientation <> 90° a8
Resource Specification #1
B Action Install
- Use Rolling Scaffolding if the wall | Obiject Metal Stud
D f » i height is between Resource Rolling Scaffolding
- 9'-13. S Feature | Wall
c=
Wall Height 2 2 Constraint 9'<= Height <=13
oo
Component Similarity Resource Specification #2
Action Install
- Object Metal Stud
Increase the base crew productivity :
- |rate 10% if 75-100% of the walls | Fesource . Crew P.R.
° e Adjustment Increase 10%
M have the same height. S Feature  Grouping
I[ o 0 5= 75-100% Walls
- w C Constraint have Similar
28 Heights
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.
In ACE, we implemented a formal process that automat- tions and the particular features in the estimator-

ically customizes activities and resources when generating  focused, feature-based product model.

and maintaining cost estimates for estimator-focused feature- 3  aonerate and Maintain Construction CostCE cal-
based product mode(Staub—French, 2002, chap. #ig- culates each activity's quantities and duration to de-
ure 10 shows that ACE executes three steps to generate and  ormine the activity’s labor and material cost. If the
maintain construction cost estimates for feature-based prod-  ogtimate is based on a revised design, ACE identifies

uct models: the cost information affected and reconciles the activ-
. I . . ities and resources so that the design and estimate
1. Customize ActivitiesACE customizes the activities remain in balance. ACE creates cost estimates consist-
for eac_h compongnt featlure b_e|_ng es“”.“'?“e‘?' based on ing of resource-loaded and cost-loaded activities that

the estimator’s rationale in Activity Specifications and are explicitly related to the features in the estimator-

the features in the estimator-focused, feature-based ;. <oq feature-based product model.
product model.

2. Customize ResourceACE customizes each activi- We used ACE to demonstrate that the estimator-focused
ty’s resources and resource productivity rates basefeature-based product model helps estimators to generate
on the estimator’s rationale in Resource Specifica-and maintain cost estimates more accurately, consistently,
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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
Level of Complete Level of Complete Level of Complete
Validation Test Completeness (%) Completeness (%) Completeness (%)
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.

and quickly than IFC-based product modd€iStaub— changes to relevant features and feature properties and
French, 2002, chap.)5To assess the accuracy of the esti-their associated cost impacts based on the estimators’
mates, we evaluated thevel of completeness estimates rationale.

generated by 13 estimators using ACE and compared them Table 3 shows the results of the four validation tests in-
to estimates generated by the same estimators using Tinglicating the level of completeness of estimates generated
berline’s state of the art Precision Estimati(l@E) soft- by estimators using ACE and state of the art software tools.
ware (Timberline Software Company, 20Qdwhich is an  Estimators using ACE generated estimates that are 86%
industry standard for cost estimating software. We useadomplete whereas the same estimators using state of the art
level of completeness to measure the extent to which estsoftware tools generated estimates that are 68% complete.
mators accounted for the cost impacts of features explicTable 4 shows the results of the four validation tests indi-
itly. If estimators used ad hoc methods or overlooked thecating the level of completeness of revised estimates for
cost impact of features, they received a lower score fospecific design changes using ACE and state of the art soft-
completeness. We defined a theoretical ideal to represenmtare tools. These results show that ACE helps estimators to
the most complete estimate for each test case. We craftedaintain estimates that are 92% complete whereas state of
the theoretical ideal based on interviews with estimatinghe art software tools help estimators to maintain estimates
experts of interior wall and concrete column construction.that are 29% complete. These results are presented graphi-
The theoretical ideal represents the cost impacts of feasally in Figure 12. The results of the validation tests dem-
tures explicitly and excludes ad hoc methods used by estienstrate that the estimator-focused, feature-based product
mators. We also evaluated the ability of ACE and PE tomodel enabled estimators using ACE to gene(aable 3,
capture and reuse the estimators’ rationale to maintain thEig. 12 and maintair{ Table 4, Fig. 12more complete cost
cost estimates when the design changes by recognizingstimates 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

Level of Complete Level of Complete Level of Complete
Validation Test Completeness (%) Completeness (%) Completeness (%)
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.
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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.

software that uses IFC-based product models. These resultsat result from component intersections and the similarity
suggest that estimators using ACE can generate and mainf components, and grouping features that affect a specific
tain cost estimates that are less ad hoc and contain feweonstruction domain. We also formalized a framework im-
omissions with feature-based product models than with IFCplemented in a software prototype to represent estimators’
based product models. The charrette test also demonstratpdeferences about cost-driving features in a project-
that practitioners using ACE were able to more consistentlyndependent way so that this knowledge can be reused from
identify the correct cost impact and identify the cost im- project to project to create estimator-focused product mod-
pacts 17% faster using ACE when compared with state oéls that supportfeature-based cost estimating. The power and
the art tools using IFC-based product models. Thereforegenerality of the descriptive semantics of the model were val-
the four validation tests demonstrate the power of the feaidated for certain classes of problems with industrial test cases.
ture ontology by showing that the estimator-focused feature- The feature ontology presented in this paper is limited in
based product model helps estimators to account for theeveral ways. It does not represent all the types of features
cost impact of features more accuratédpmpletely, con-  that affect construction costs. For example, material fea-
sistently, and quickly using ACE than with state of the arttures, such as the workability of concrete, and features that
software that uses IFC-based product models. 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
Current industry standard representations of building prodalso unable to represent similarity of location, as shown in
uct models, such as IFC-based product models, do not rephe theoretical ideal in Table 1. Although we implemented
resent many of the different design conditions that affectmechanisms to identify most intersection features, addi-
construction costs. Our research formalized a vocabulary thaional research is needed to develop mechanisms that iden-
classifies three types of features, defines the attributes artify intersection features resulting from physical conflicts
functions of each feature type, and represents the relatiorbetween components, which require conflict detection mech-
ships between features explicitly. The descriptive semanticanisms. We also recommend additional testing to validate
ofthe model are flexible enough to represent estimators’varthe generality of the feature ontology across different con-
ied preferences for naming features, specifying the featurestruction domains in addition to building construction.

5. CONCLUSIONS
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This research extends the concept of product features thaischer, M.(1991. Constructibility Input to Preliminary Design of Re-

is used extensively in the manufacturing industry to the do- inforced Concrete Structure$echnical Report 64, Stanford, CA: Cen-
ter for Integrated Facility Engineering.

main of CQSt estimating for building construction. The T'€- Froese, T., Yu, K., & Shahid, $1996. Project modeling in construction
sults of this research demonstrate that features provide a applicationsComputing in Civil Engineering: Proc. Third Congress

; ; ; i pp. 572-578. Anaheim, CA: ASCE.
theoretical framework for representing the design condi Gielingh, W.F.(1988. General AEG Reference Model. ISO TCI8€4

tions that are important for estimating the costs of building wG1 doc. 3.2.2.1. TNO Report BI-88-15Cw York: ISO.
construction. This research also demonstrates that formal oGruber, T.R.(1995. Toward principles for the design of ontologies used

; ; ; ; for knowledge sharindnternational Journal of Human Computer Stud-
tological models provide a foundation for representing cost ies, 43(5-6) 907-928.

estimating knowledge about the product features thatimpagianna, A.S., & Sanvido, V.H1990. Interactive vertical formwork selec-
construction costs. The validation studies provide evidence tion. Concrete International: Design and Constructidi®(4), 26-32.

; ; Hyer, N.L., & Wemmerlov, U(1984). Group technology and productivity.
for the power of the formal ontological modeling approach Harvard Business Review2(d) 140-149.

inrepresenting kn0W|que and develqping know'?dge_'baseIQternational Alliance of Interoperability2001). IFC 2x Extension Mod-
programs for the domain of construction cost estimating. eling Guide Available on-line at htty;/www.iai.org.uk.

; ; N Laitinen, J.(1998. Model based construction process managemehbD
Automating the generation of feature-based product mod Thesis, Stockholm: Royal Institute of Technology.

els that support construction cost estimating has the potefarir, F., Aouad, G., Child, T., & Brandon, P1998. OSCONCAD: A
tial to significantly reduce the time it takes to generate and model-based CAD system integrated with computer applicatidhs.

intai i i ;i ic. CON 3, 25-44.
maintain cost estimates, improve the efficiency and ConSISMizoguchi, R.(2001. Ontological engineering: Foundation of the next gen-

tency of the cost estimating process, and improve the accu-  eration knowledge processirpoc. 1st Int. Conf. Web Intelligence and
racy of cost estimates. Today, estimators spend significant Intelligent Agent TechnologieMaebashi City, Japan, pp. 44-57.

; ; i ; ; ; Sanders, S.R., & Thomas, H.RL99)). Factors affecting masonry—labor
amounts of time analyzing building designs to identify all productivity. Journal of Construction Engineering and Management,

the project-specific instances of cost-incurring design con-  Asce 117(4) 626—644.
ditions in a given product model. If these design conditionsScholten, H., & Beulens, A2002. Ontologies to structure models and

; i ; ; ; modeling tasksPaper presented at 16th JISR-IIASA Workshop on
could be identified automatically, estimators could provide Methodologies and Tools for Complex System Modeling and Inte-

cost feedback in significantly less time. As a result, project  grated Policy Assessment, July 15-17, Laxenburg, Austria.
teams could perform what-if analyses on different design$hah, J.1199). Assessment of features technologgmputer-Aided De-

; ; ; ; _ sign 23(5), 331-343.
and explore a Iarger variety of dESIQn alternatives to IdenSlaughter, S(2000. The link between design and process: Simulation

tify the lowest cost design. Moreover, estimators could pro- ' modeling of construction activitie®roc. Construction Congress VI
vide feedback to designers on the specific features that are pp. 1051-1057. Orlando, FL: ASCE.

; ; ; ; Smith, G.R., & Hanna, A.§1993. Factors influencing formwork produc-
impacting construction costs. Hence, project teams can e tivity. Canadian Journal of Civil Engineerin@0(1), 144-153.

verage feature-based product models to develop more cosfraub—French, S2002. Feature-driven activity-based cost estimating.
effective and constructable designs in less time. PhD Thesis. Stanford, CA: Stanford University.
Stumpf, A., Ganeshan, R., Chin, S., & Liu, [1996. Object-oriented
model for integrating construction product and process information.

Journal of Computing in Civil Engineering.0(3), 204-212.
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