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This research proposes an ontological inference process to automate the process of searching for themost appro-
priate work items, which is limited to tiling in this case study. The proposed ontological approach can help engi-
neers to find work items with greater ease and consistency. Suggestions are also made for further research on
ways of improving the accuracy of BIM-based quantity take-off, and developing a methodology to match be-
tween work items which are expressed as different terms; however, the proposed approach emphasizes the au-
tomation of searches using BIM data to find items suitable for building elements and materials. To enable
automated inference, this study establishes (1) a work condition ontology that consists of the determinants re-
quired to select work items, (2) a work item ontology, which consists of the factors defining the tiling method,
and (3) semantic reasoning rules. By conducting a case study to demonstrate the proposed ontological inference
process in a real-world situation, we confirm that the proposed process can provide consistent results; however,
since work items differ depending on construction type and technological advancement, the work item ontology
should be continually revised and updated.
The ontological inference process removes the need for the intervention of a cost estimator's subjectivity in
searching for an appropriate work item. Also, if ontology is elaborately defined by the knowledge of experienced
engineers, then accurate and consistent results can be obtained. In addition, the proposed process will assist cost
estimators to use BIM data more easily, and it will help the expansion of BIM-based construction management.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cost estimation should be performed to calculate budget prices
based on a schematic design; however, since a schematic design only
provides a rough design, it is hard to obtain enough of the information
needed for a cost estimation. For example, finishing material and
finishing thickness can be obtained from a schematic design, but de-
tailed information such as the specific material type and the construc-
tion method type cannot be obtained. Thus, a cost estimator infers
these details from work conditions. Consequentially, a cost estimator's
subjective decisions become involved in the process; however, Building
Information Modeling (BIM) has been widely adopted in the building
construction industry. BIM is “a new approach to design, construction,
and facilities management, in which a digital representation of the
building process [is used] to facilitate the exchange and interoperability
of information in digital format” [1]. In the construction industry, there
is a growing interest in the use of BIM for coordinated, consistent, and
computable building information/knowledgemanagement from design
and construction to maintenance and throughout the stages of a
building's lifecycle.
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Accordingly, BIM-based cost estimation software programs, such as
ToCoMan from TocoSoft, CI Estimator from CRC, and Estimator from
Graphisoft, have been developed. Using such BIM-based tools, material
quantity can be calculated automatically; however, any information on
the work items that are related to the materials are included in the
Bill of Quantity (BOQ). Theoretically, information for managing con-
struction projects can be automatically obtained from BIM. Practi-
cally, though, the information that can be obtained from BIM is
very limited unless BIM contains full information. Therefore, al-
though BIM are used for construction management, the intervention
of a cost estimator's subjective decisions cannot be avoided in
searching for appropriate work items.

This research propose an ontological approach that enables themost
appropriate work items to be automatically inferred in order to over-
come the problem of cost estimators' subjectivity. Also, the proposed
ontological inference process for cost estimation is used in the schemat-
ic design phase. To automate this inference, this study established a
work condition ontology that consists of several elements: determi-
nants to select work items; a work item ontology, which consists of
the factors defining the tiling method; and semantic reasoning rules.
Also, this case study demonstrates that the proposed ontologies and se-
mantic reasoning rule can be utilized in real-world situations. Using the
ontological inference process, provided that the same BIM data are
available, consistent searching results of work items can be acquired.
Also, the ontological inference process provides a methodology to fully
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automate cost estimation. In addition, this process can assist cost esti-
mators to use BIM data more easily and helps the expansion of BIM-
based construction management.

Section 2 briefly discusses the trends of research and the system de-
veloped for BIM-based cost estimation. Section 3 proposes ontology for
the automatic inference of standard work items. Section 4, in order to
demonstrate the proposed ontologies, presents a case study that con-
firms that the proposed ontology and semantic reasoning rule can
work in real-world situations. Finally, the paper concludes by offering
some final remarks in Section 5.

2. Review on related works

2.1. BIM-based cost estimation

Cost estimation is theprocess of predicting project costs and resource
requirements. The general process of cost estimation is in Fig. 2. For cost
estimation, first, estimators identify ‘work conditions’ such as building
elements and finishing materials. These work conditions, depending
on the particular project, influence costs related to required equipment,
total hours of labor, or costs incurred by the need to obtain special build-
ing permits. Second, they inferwhatwork itemswill be needed based on
work conditions. This step requires in-depth knowledge and experience,
and thus was the least structured step in the estimation process. Third,
applicable unit costs are found from an external unit cost Data Base.
These unit cost DB consists of type of resources, quantities of resources,
and unit cost of resources for each work item (see Fig. 2). Estimators
started to price each of the work items by using historical company re-
cords and catalogs that compiled cost information from previous com-
pleted projects. While most cost estimation software can perform
quantity take-off or import quantity take-off data, all cost estimation
software requires the use of associated and/or additional databases
that contain the unit costs and other industry data needed to prepare
an estimate. Fourth, estimators extracted the quantities for each of the
work items from drawings. Finally, unit cost is assigned applicable
work items by multiplying quantity by unit cost.

Estimation can be conducted throughout the project's life-cyclewith
BIM. The level of detail in the model varies depending on the project
phase. BIM offers the capability to generate take-offs, counts, and mea-
surements directly from a model. The main benefit of applying BIM-
based tools to estimate project costs occurs during the quantity take-
off step [1]. In particular, BIM has the following requirements [2]:

• Enough detail must be provided to generate an estimate.
• Estimators must be allowed to extract quantities of building compo-
nents grouped by the company's WBS.
Fig. 1. General process
• For each of the cost items defined in the WBS, accurate quantities
must be allowed for take-off.

At present, several BIM-based cost estimation software programs
have been developed to improve the efficiency of estimators. Widely
known BIM-based cost estimation programs are as follows: Innovaya
Visual Estimating [3], Vico Estimator 2009 [4], Tokmo Production Sys-
tem [5], Success Design Exchange [6], Timberline Extended [7], and
Winest Design Estimation Pro [8]. As shown in Fig. 3, which is an exam-
ple of a cost estimating process using the Vico Estimator 2009, such
BIM-based tools are able to take off material quantities of building ele-
ments (objects). However, selecting the most appropriate work item
(in the case of Vico Estimator, the work items consist of recipe, method
and resource) and matching it to the material of a building element
should be processed by engineers manually.

Besides these commercial systems, there have also been research ef-
forts to apply BIM to cost estimation. Oak et al. [9] proposed the meth-
odology of BIM property information modeling that can support the
quantity take-off of a structural element for reflecting the cost estimate
feature of the public building. Kwon et al. [10] suggested ways of secur-
ing BIMquality for correct quantity take-off, which is critical for BIM ap-
plied to the building construction process and its cost estimation. Also,
they established BIM modeling guides that make it possible to extract
the correct quantity of take-off from BIM data. Koo et al. [11] provided
a work itemmatching process model to help users identically recognize
work itemswith different expressions so that they could reuse historical
unit costs from the previous projects. There are two main methodolo-
gies applied in this matching process model: ontology-based term
matching and term-based similarity calculation.

Staub-French et al. [12] suggested an IFC(Industry Foundation
Classes)-based cost estimating system capable of directly using the re-
sults of IFC files and then automatically applying corresponding prices
to accomplish the cost estimation according to the component geome-
tries and properties. Fu et al. [13] developed a system for life-cycle
cost assessment that can automatically extract cost-estimating data
from the design results of IFC files, and then transfer the data to a pre-
existing component of the life-cycle cost assessment. Ma et al. [14]
established a framework for BIM-based construction cost estimating
(CCE) software that utilized the Chinese standards. This framework
was proposed, and corresponding functions were systematically ana-
lyzed. The framework laid a solid foundation for the development of
next-generation CCE software. Ma et al. [15] created a discrimination
model for BOQ items and the corresponding rule and semantic data-
bases by analyzing the related Chinese standard. The IFC-based discrim-
ination model for BOQ items was established, and a mechanism was
formulated to intelligently generate BOQ from IFC data. Hartmann
of cost estimation.



Fig. 2. Example of unit cost DB.
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et al. [2] described the implementation of BIM-based tools to support
the activities of the estimating department of a construction company
on a large infrastructure project. They complement existing implemen-
tation theories in construction management that advocate “technology
push” implementations during which existing work processes need to
be radically changed to align with the functionality of the BIM-based
tools.

In summary, there have been numerous researches on the automa-
tion of cost estimation. Some aims for the accuracy improvement of
BIM-based quantity take-off, while others propose a term matching
methodology for work items having different expressions. Some re-
search suggests the method of property information modeling for cost
Fig. 3. Cost estimation process
estimation using rule and semantic databases; however, there have
been no studies using BIM data and ontology to automate the selection
and matching work items to the elements of buildings and their
materials.

2.2. Ontology in construction

Lee [16] proposed an extension to the World Wide Web (WWW)
named the Semantic Web, which can handle Web data without
human intervention. The Semantic Web allows semantic searches that
find more accurate information than the current Web, which makes it
easy to share and reuse useful information and corporate knowledge.
by Vico Estimator 2009.

image of Fig.�2
image of Fig.�3
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The data of the Semantic Web are expressed in a computer-readable
format using ontology—the key technology of the Semantic Web,
which is defined as the ‘formal and explicit specification of shared con-
ceptualization’ [17].

By using ontology, which provides data on various concepts and
their relationships, the computer automaticallymakes it possible to rea-
son about data from different data sources in order to manipulate the
relevant data or find new knowledge. Today, ontology is applied to
many domains, such as information and communications, medical in-
formation, and the internet, and it has been studied using various
methodologies.

There have been a several studies the application of ontology to the
AEC(Architecture, Engineering, Construction)industry. Charlesraj and
Kalidindi [18] proposed an ontology-based knowledge-management
framework to improve the performance of construction project man-
agers. In the proposed framework, the target level of the manager's
skill, knowledge and competency (SKC) is defined by three ontologies:
the ontology of construction projects; the ontology of construction
project managers’ SKC; and ontology of knowledge management tools.
Tserng et al. [19] proposed an ontology-based risk management frame-
work of construction projects through a project life-cycle. The research
explores knowledge extraction for effective risk management by estab-
lishingproject risk ontology. The researchfindings demonstrate that the
ontology-based risk management can be applied to the risk manage-
ment work flow and increase the effectiveness of project risk manage-
ment. El-Diraby and Osman [20] proposed an ontology concept to
present a philosophically influenced model of infrastructure products
that focuses on their functions, roles and semantic attributes to facilitate
human representation of their construction knowledge. The developed
ontology provided a conceptualization of knowledge in civil infrastruc-
ture. Buyko et al. [21] suggest the linking of annotations to specific
ontologies of linguistic terminology. They concentrate on the descrip-
tion of the mechanism bymeans of which such externally provided ref-
erence ontologies and concrete annotation types are linked, rather than
proposing a direct generation of annotation types from one particular
ontology.

In addition to the above-mentioned individual-level research, a few
large-scale studies have been conducted. First of all, the standard file
format, Industry Foundation Classes (IFC), is intended to enable effec-
tive information sharing within the AEC industry using ontologies
[22]. Ontologies are structured through classification systems to support
effective information exchange. This also affects the construction sector
where international standards are frequently used. The e-COGNOS on-
tology [23] is used to facilitate semantic Web-based knowledge man-
agement in the construction field. The main idea behind this ontology
can be summarized as follows: a set of actors use a set of resources to
produce a set of products following certain processes within a work en-
vironment and according to certain conditions. It was developed and
implemented through collaboration between researchers and leading
European contractors. Additionally, there is the Semantic Web-based
Open engineering Platform (SWOP) project in Europe, inwhich they de-
velop a generic and reusable set of Product Modeling Ontologies (PMO)
that can be imported and used by the end-user product ontologies for
any parametric/configurable product type [24]. Kristian et al. [25] sug-
gested ontologies to support RFID-based links between virtual models
and construction components. The ontologies are reviewed from the
perspective of an ontology consumer (e.g., system developer). The
ontologies are categorized according to their applicability to the specifi-
cation of technical services, resources, organizational relations, business
processes, and overall frameworks for ontology descriptions and their
relations.

In summary, there have been quite a number of studies on ontology
in the construction industry over the last decade. Some of them deal
with ontologies for product modeling and others are for key concepts
in construction. Still others are for conceptualization of the construction
knowledge. However, there seem to have been no studies specifically on
the creation and utilization of ontology to automatically search for the
most appropriate work items for the purposes of cost estimation.
3. Ontology for automatic inference of standard work items

3.1. Concept of automated inferring of work items

The scope of our research is to inferwork items based onwork condi-
tions (i.e.,first and second steps in Fig. 1). That is, this research proposes a
mechanism based on knowledge structure that uses ontology to auto-
matically infer most appropriate work items. The work conditions —

namely, tiling work, room usage, building elements, finishing thickness
and base type — are obtained from drawings. Estimators select a work
item that is suitable for the work conditions (e.g., room usage, building
elements, finishing thickness and base type) using an inference mecha-
nism that is based upon an expert's knowledge. Accordingly, the result
of cost estimation changes depending onwho is performing the estimate.
On the other hand, if the proposed inference mechanism is used for cost
estimation, work items can be automatically inferred, and the inferred
work items are consistent (see Fig. 4).

This research is limited to tiling work. Fig. 5 shows the proposed in-
ference process using ontology and BIM corresponding to the first and
second steps in Fig. 1. To define work conditions and work items for til-
ing work, this study referred to the standards of estimates, standard
technical specifications, historical data, and publications on construc-
tion methods. Work conditions which can be extracted from BIM are
defined as room usage, building element, finishing base type, and
finishing thickness (input). The work items that can be inferred from
the semantic inference engine are defined as tile size, tile thickness,
tile type, tiling type, tiling material type, joint width, and joint material
type (output).

To automate the inference, this study established a work condition
ontology that consists of the determinants used to select work items, a
work item ontology that consists of factors defining tiling method, and
semantic reasoning rules. This research used Protégé v3.4.4, a Java-
based ontology editor, to design a Tiling Work Condition Ontology
(TWCO) and a Tiling Work Item Ontology (TWIO). The TWCO is an on-
tology for recognizing BIM data, which is extracted from IFCXML and
converted into RDF format as work conditions. The RDF data contains
room usage, building elements, finishing thickness, and base type. The
TWIO is used to define the work item. The work items consist of tile
size, tile thickness, tile type, tiling method, tiling material type, joint
width, and joint material type.

Fig. 6 shows the frameworks of TWCO and TWIO. A continuous line
(subclassof) denotes a hierarchical relationship between class and sub-
class, and a dotted line (objectproperty and datatypeproperty) denotes
relationships between classes and relationships between class and data
value.
3.2. Definition of class

TWIO contains four classes: SpecificTileType, TilingMethodType,
JointType, TilingMaterialType, and TilingWorkItem. ‘Tile’ class contains
three sub-classes: TileTHK, TileSize and TileType. ‘Joint’ class contains
two subclasses: JointWidth and JointMaterialType. And ‘TilingWorkItem’

class contains semantic reasoning rules, which are defined by combin-
ing the other classes of TWIO.

TWCO contains five classes: RoomUsage, BuildingElement, BaseType,
FinishTHK, and TilingWorkCondition. The TilingWorkCondition class con-
tains semantic reasoning rules which are defined by combining the
other classes of TWCO. The TilingWorkCondition class also contains the
semantic reasoning rules to connect work items defined by TWIO with
work conditions recognized by TWCO. The class of the proposed ontol-
ogies is described in Table 1.



Fig. 4. Inference mechanism using ontology.
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3.3. Definition of property

Property of OWL consists of two types: owl:ObjectProperty and owl:
DatatypeProperty. Object property (owl:ObjectProperty) is used to ex-
press the relationship between objects. Data type property (owl:
DatatypeProperty) is used to express the relationship between object
and data values, such as numerical values (i.e., tiling thickness, finishing
thickness, and tile thickness). Although tile thickness may vary in data
values, the type of tile thickness is usually fixed. Accordingly, tile thick-
ness was defined as an object property. Object properties of the pro-
posed ontologies are described in Table 2.
Fig. 5. Data flow for ontolog
4. Process for automated inference of standard work item

4.1. Overview

The overall process for the automated inference of work items is de-
scribed in Fig. 7. Subsequent to the architect's design using the BIM tool,
BIM data (e.g., work conditions) are extracted into the IFCXML and con-
verted into the RDF data in a machine-understandable format (see
Section 4.2). The reasoning layer creates inferred knowledge such as
work items bymeans of a reasoning process that is based on two ontol-
ogies (i.e., TWCO and TWIO) (see Chapter 3) and RDF data of the work
ical inference process.

image of Fig.�4
image of Fig.�5


Fig. 6. Framework of TWCO and TWIO.
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conditions. Thus, the knowledge base has all of the information about
the work item, including tile size, tile thickness, tile type, tilingmethod,
tiling material type, joint width, and joint material type, and work con-
ditions extracted from a building model. Finally, the query engine re-
trieves relevant information related to the inference of the work item
from the knowledge base. In the query layer, Simple Protocol and RDF
Query Language (SPARQL) are used to query language in order to define
work item queries, and the result of the queries is expressed in XML for-
mat (see Section 4.3).

This research also presents a case study that confirms that the pro-
posed ontology and semantic reasoning rule actually work in real-
world situations.
Table 1
Definition of classes.

Class Description and instances

Room usage Roomusage: kitchen, toilet, laundry room, hall, entrance,
bath room

Building element Building element: internal wall, external wall, floor,
ceiling

Base type Finishing base type: ALC, board, concrete, masonry,
mortar

Tiling work condition Work condition of tiling work: the combination of
room usage, building element, finishing base type, and
finish thickness.

Specific
tile Type

Tile size Tile size: 150 × 150, 200 × 200, 200 × 250,
250 × 250, 300 × 300

Tile THK Tile thickness: 6 mm, 7 mm
Tile type Tile type: ceramic tile, carpet tile, porcelain tile, clinker

tile, asphalt tile, glass mosaic tile
Tiling method type Tiling Method type: tiling type 1, tiling type 2, tiling

type 3
Tiling material type Tiling material type: white cement, ordinary cement,

tile cement, white tile cement, tile bond
Joint type Joint width Joint width: 2 mm, 4 mm, 5 mm

Joint material
type

Jointmaterial type:white cement, ordinary cement, tile
cement, white tile cement

Tiling work item Work item of tiling work: the combination of tile size,
tile thickness, tile type, tiling type, tiling material type
joint width, and joint material type
4.2. Information extraction from IFCXML and conversion to RDF

To automatically infer the work item, first, BIM data are extracted
from IFCXML. Then, the extracted BIM data are converted to RDF data
in a machine-understandable format. In this case, tiling work, room
usage, building element, finishing base type, finishing thickness were
all defined as work conditions that were determinants of the tiling
method. IFCXML was analyzed to extract the BIM data.

In order to show the process of automated inference, we first built a
samplemodel of a building using ArchiCAD14 software, which supports
3D-CAD modeling. Then, as shown in Fig. 8, the IFCXML of the sample
model was analyzed.

The basic structures of BIM data are based on the IFCXML [26], and
the elements and attributes of the IFCXML are derived from the stan-
dard IFC. In this research, five main elements were extracted from
IFCXML: Ifcspace, IfcRelSpaceBoundry, Ifcslab/Ifcwall, IfcMaterialLayer,
Table 2
Definition of properties.

Object property Description

Has room usage Tiling Work Condition has only one member of the
RoomUsage class

Has building element Tiling Work Condition has only one member of the
BuildingElement class

Has base type TilingWork Condition has only onemember of the BaseType
class

Has tiling work item Tiling Work Condition has only one member of the
TilingMethodType class

Has tile size Tiling Work Item has only one member of the TileSize class
Has tile THK Tiling Work Item has only one member of the TileTHK class
Has tile type Tiling Work Item has only one member of the TileType class
Has tiling method type Tiling Work Item has only one member of the

TilingMethodType class
Has tiling material type Tiling Work Item has only one member of the

TilingMaterialType class
Has joint width Tiling Work Item has only one member of the JointWidth

class
Has joint material type Tiling Work Item has only one member of the

JointMaterialType class

image of Fig.�6


Fig. 7. System architecture of ontological inference.
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and IfcMaterial. Fig. 8 shows the relationships among these elements;
that is, room usage can be extracted from Ifcspace, and building
elements of its space can be extracted from Ifcslab or Ifcwall in
IfcRelSpaceBoundry. Also, finishing thickness can be extracted from
LayerThickness in IfcMaterialLayer, and finishing base type can be ex-
tracted from name in IfcMaterial. In the IFCXML, each room (room
usage), element (building element), finishing thickness and finishing
base type (base type) corresponds to the Ifcspace, Ifcslab/Ifcwall,
IfcRelSpaceBoundry, IfcMaterialLayer, and IfcMaterial of the IFCXML. The
BIM data extracted according to relationships among elements of the
IFCXML should be converted to RDF.

The purpose of this research is to generate automated inference of
work items. We use ontology based on the assumption that BIM data
Fig. 8. Relationships among e
can be extracted from IFCXML. Therefore, technologically, an extraction
and conversion tool should be developed in future research.

4.3. Semantic reasoning and query

4.3.1. Semantic reasoning
The process of semantic reasoning using TWCO and TWIO is shown

in Fig. 9. The first step is to recognize the ‘work condition’: BIM data ex-
tracted from IFCXML is recognized as one of the work conditions using
TWCO. The second step is to select the ‘work item’: the most appropri-
ate work item is selected using TWIO.

For example, each ‘Kitchen, Wall, Concrete, and 24 mm’ is automat-
ically recognized as a sub-class of the ‘Room, Element, Base Type, and
lements of the IFCXML.

image of Fig.�7
image of Fig.�8


Fig. 9. Semantic reasoning algorithm for tiling work.
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Finish THK.’ classes. Then, through semantic reasoning, the data is rec-
ognized as an instance of ‘TWC_1’, one of the sub-classes of ‘Tiling
Work Condition’ class, defined as a necessary and sufficient condition
with ‘room is kitchen, element is wall, base type is concrete, and finish
THK. is 24 mm’. Finally, themost appropriate work item is recommend-
ed, because the ‘TWC_1’ class has ‘TWI_1’, one of the sub-classes of the
‘Tiling Work Item’ class, defined as necessary condition.

The semantic reasoning rules for the automated inference of work
items are as follows.
• TWC_1 ≡
- Necessary & Sufficient
∋ hasRoomUsage has Kitchen
∋ hasBuildingElement has wall
∋ hasBaseType has Concrete
∋ hasFinichThk has 24
- Necessary
∋ hasTilingMethodType has TWI_1
• TWI_1 ≡
- Necessary & Sufficient
∋ hasTileSize has s200 × 200
∋ hasTileType has CeramicTile
∋ hasTileThk has 6 mm
∋ hasTilingType has Tiling Type 1
∋ hasTilingMaterialType has Ordinary cement
∋ hasTilingThk has 15 mm
∋ hasJointWidth has w2mm
∋ hasJointMaterialType has White Cement
When theRDF data have been stored in the knowledge base, the rea-
soning engine creates inferred knowledge by reasoning according to
two domain ontologies (i.e., TWCO and TWIO) and RDF data, before
adding the inferred knowledge into the knowledge base. We used the
Bossam reasoner [27], which has a RETE-based rule engine with native
support for reasoning over RDF and OWL.

The overall process for creating the inferred knowledge consists of
three steps:

Step 1 The reasoning layer binds the two domain ontologies andmate-
rial RDF data using the Jena API into bound knowledge, which is
a simple, non-redundant collection of ontologies and RDF data.

Step 2 The Bossam reasoner takes the bound knowledge and generates
inferred knowledge using its sub-reasoners (e.g. the OWL DL
reasoner).

Step 3 The knowledge base stores the inferred knowledge.

4.3.2. Query layer
To retrieve the work item that will be used for automated inference,

we use SPARQL, which was developed by the W3C RDF Data Access
Working Group [28] to define queries for inferring the work item. The
SPARQL retrieves the work conditions stored in the knowledge base,
which contains a set of knowledge in a triple structure. A SPARQL
query is expressed as a list of conditions in a triple structure similar to
the structure of knowledge in the knowledge base. To support the
Web-based user interface for SPARQL,we developed a SPARQL endpoint
based on the ARQ query engine (http://jena.sourceforge.net/ARQ),
which supports the SPARQL query language.

When an expert inputs work item queries as a form of SPARQL via
the SPARQL endpoint, the query layer submits them to the ARQ engine,
which subsequently retrieves the relevant work item from the knowl-
edge base. Results of the SPARQL queries are returned in XML format
(see Fig. 10), which is easy to use in a cost estimating application.

As presented in Fig. 10, the proposed ontologies arewell-established
relationships betweenwork conditions andwork items according to our
intention.
4.4. Validation

In this research, we propose an ontological approach that enables
themost appropriate work items to be inferred. The proposed approach
using BIM data to automate the search for the work itemsmost suitable
for building elements and materials. This process can help engineers to
find work items more easily and consistently. Using the ontological in-
ference process, if the same BIM data is provided, consistent searching
results can be achieved. Also, the ontological inference process provides
amethodology to fully automate the estimation of cost. Accordingly, we
conducted a case study to demonstrate the proposed ontological infer-
ence process in real-world situations. To achieve this, we developed a
semantic reasoning system in the system architecture (see Fig. 6) and
manually created XML data on work conditions, which were extracted
from IFCXML and RDF data on work conditions.

To validate the consistency of the inferred results, we make a
comparison between work items that were inferred by the proposed
inference mechanism of the ontological knowledge structure and
work items inferred by the inference mechanism of expert knowl-
edge. We interviewed five engineers who had on average more
than 10 years of experience in South Korea. We provided five engi-
neers with the same work conditions as those defined in this

http://jena.sourceforge.net/ARQ
image of Fig.�9


Fig. 10. Results of SPARQL.
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research (i.e., room usage — kitchen; building element — wall;
finishing base type — concrete; and finishing thickness — 24 mm),
and then had engineers choose from among examples (A to D) of
components of work items (e.g., tiling method type, tile thickness,
tile size, tile type, joint width, joint material type, tiling material
type, and tiling thickness) on the basis of given work conditions.

Table 3 shows the results of this comparison. Five engineers selected
different components of work items; however, the work items inferred
by using the proposed inference mechanismwere the same. This result
shows that the proposed method provides consistent results. Also, be-
cause the ontology should be based on the knowledge of experienced
engineers in the future, if the ontology is elaborately defined by the
knowledge of experienced engineers, then it will be possible to obtain
accurate as well as consistent results. In addition, the proposed process
will assist cost estimators to use BIM data more easily and will help the
expansion of BIM-based construction management.

5. Conclusions

BIM-based construction management has begun to expand. Since
the number of practices that use BIM-based information management
has significantly increased, the construction industry has augmented
its use of IFC or IFCXMLduring construction projects; however, although
the BIM tool may automatically calculate material quantity, it cannot
provide any information on the work items. Theoretically, the informa-
tion needed for managing construction projects can be automatically
obtained fromBIM. Practically, however, the information that can be ob-
tained from BIMwill remain very limited unless BIM contains full infor-
mation. Therefore, although BIM tools are used for cost estimation, the
intervention of a cost estimator's subjective opinion on appropriate
work item cannot be avoided.

Therefore, we propose a methodology to automatically infer the
most appropriate work item on the basis of work conditions through
the use of semantic technology. Previous research on improving the
Table 3
Result of comparison.

Components Traditional method

A(8 years) B(10 years) C(16 ye

Tiling method type B C C
Tile thickness A B C
Tile size C C D
Tile type D B C
Joint width A A A
Joint material type D C D
Tiling material type C C D
Tiling thickness A B A

1) Tiling Method Type: A. Tiling Type, 1 B. Tiling Type 2, C. Tiling Type 3.
2) Tile Thickness: A. 6 mm, B. 7 mm, C. 11 mm, D. 15 mm.
3) Tile Size: A. 150 × 150, B. 200 × 200, C. 200 × 250, D. 250 × 250.
4) Tile Type: A. Ceramic tile, B. Carpet tile, C. Porcelain tile, D. Clinker tile.
5) Joint Width: A. 2 mm, B. 4 mm, C. 5 mm, D. 9 mm.
6) Joint Material Type: A. White Cement, B. Ordinary Cement, C. Tile Cement, D. White Tile Cem
7) Tiling Material Type: A. White Cement, B. Ordinary Cement, C. Tile Cement, D. Tile Bond.
8) Tiling Thickness: A. 10 mm, B. 12 mm, C. 13 mm, D. 15 mm.
accuracy of BIM-based quantity take-off, and methodologies have
been suggested to match work items that are expressed as different
terms; however, the proposed approach emphasizes the use of BIM
data to automate the search for work items suitable for building ele-
ments and materials. We conduct a comparison between existing esti-
mation methods and the proposed method (see Table 4).

The overall process consists of three steps: First, the BIM data
(e.g., work conditions) are extracted into the IFCXML and converted
into RDF data, which is a machine-readable format. Second, the rea-
soning layer creates inferred knowledge that includes work items by
means of a reasoning process based on two ontologies (i.e., TWCO
and TWIO) and RDF data of the work conditions. Finally, the query
engine retrieves relevant information related to the inference of
the work item from the knowledge base, and the result of the queries
is expressed in the XML format.

Also, we demonstrate that the proposed ontologies and semantic
reasoning rules can be utilized in real-world situations, and we validate
the consistency of inferred results by comparing inferred work items
using proposed inference mechanism by ontological knowledge struc-
ture and inferred work items using inference mechanism by expert
knowledge. As result of this validation, the ontological inference process
is a well-established relationship between work condition and work
item according to our intention.

Using the ontology, work conditions are accurately recognized and
appropriate work items are automatically inferred without human
judgment. The proposed inference process thereby reduces the possibil-
ity of several errors caused by the intervention of accurate judgment
and improves the efficiency of the tasks. This process contributes full au-
tomation of cost estimation and improves the reliability and accuracy of
estimation results. In addition, the proposed process will assist cost es-
timators to use BIM data more easily and will help the expansion of
BIM-based construction management.

However, this research has some limitations. The proposed work
condition ontology,work itemontology and semantic rules are currently
Proposed method

ars) D(8 years) E(12 years)

A C A
C B A
D C B
C B D
A A A
D D A
C C B
C B D

ent.

image of Fig.�10


Table 4
Comparison between existing estimation methods and proposed method.

Estimation methods General process of cost estimation

Identify work condition Infer work item Find unit cost Calculate quantity Apply unit cost

Conventional cost estimation method M M M M M
BIM based cost estimation method M M M A A
Proposed cost estimation method (BIM + Ontology) A A A A A

A: Automated process by system, M : Manual process by estimator.
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limited to tilingwork only. Becausework conditions differ depending on
the type of construction work, ontologies for all aspects of construction
work should be developed. Also, because work items differ depending
on construction type and technological advancements, the work item
ontology should be continually revised and updated. Also, to fully auto-
mate the inference process, an IFC data parser and an XML-to-RDF trans-
formation engine should be developed. These limitations should be
addressed in future research.
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