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Abstract

A rule based semantic method is utilised as a model and is demonstrated to tackle the problems of analytical processes. The
investigation of BIM-based cost estimation confirmed that industry foundation classes (IFC) can provide construction project
semantics but incapable of relating domain semantics and pragmatics. Our model provided the rules that three components are
necessary to gain a full awareness of the domain which is being computerised; the information type which is to be assessed for
compatibility (syntax), the definition for the pricing domain (semantics), and the precise implantation environment for the standards
being considered (pragmatics). This paper outlines the way in which the proposed approach has been verified, by employing a
selection of codes created by the prototype of the data based model. The standards of practice which have been established are then
verified, in accordance with the actual building information gained from IFC. The utilisation of this approach has significantly
advanced the procedure of automating professional costing practice within BIM. These justified outcomes demonstrate that, by
implementing this model, the reasoning ability can be used by the BIM context and the restrictions around the application of BIM
will be reduced. The BIM platform is directly affected by the IFC file that is housed within the ontological structure which has
similarities to the Semantic Web and Logic Programming. The adoption of this methodology has greatly advanced the process of
automating complex sets of construction standard, allowing the automation of analytical processes. It also outlines the possible
connection between machine learning and machine reasoning in order to facilitate wider adoption of computer aided professional
practice.
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1. Introduction

Attempts have previously been made towards automating the cost estimation process within BIM, and for this
reason a broad investigation into intelligent solutions for cost estimation is required [1-5]. The studies cited have been
chosen from an assessment of the texts involved from more than 100 places; they have been chosen using significant
words, including, semantics model, construction, design, building, built-environment, ontology, resource description
framework (RDF), semantic web ontology language (OWL), and IFC (dated between 2002 and 2017).

The examples chosen must help in elaborating on what seeks to be explained, and the reserve human aspects as
well. It therefore follows that the worth of a model is in large measure due to the clarity of its linguistic meaning, as
clear semantics ensure the conclusions reached are clear and the model can be used, without leaving any room for
ambiguity. There are often models made that do not have enough semantic clarity. By way of example, established
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CAD systems put forward developed drawing abilities but hardly ever include the human element, for instance, simple
geometrical shapes, because they are do not have proper semantic organisation. The aims of BIMs were twofold;
firstly, to design a model that includes depictions of objects in order that the physical world can be shown semantically.
The other aim was to provide a database of applicable information that could be used to assist those working in the
construction field. Since its inception, BIM has been championed by construction experts for dealing with many
longstanding problems. Indeed, BIM software on its own is sufficient to meet the requirements of construction experts.
However, given the need for applicable expert assessment, many would like to see BIM combined with the spreading
of semantic data.

To adapt to the constantly changing IT world, BIM systems need to become more flexible. They must also become
more objective, to include both the analysis of experts and the information gathering methodology. Quantity
differences have been reduced because of ‘smart building technologies’ and ‘building information models,” and
buildingSMART is derived from IFC to manage quantities emanating from BIM applications.

Those carrying out this research would like to establish a system based on knowledge that links with the advances
of BIM. The improvement intends to deal with two widely-recognised problems within the area of cost estimation: P1:
compliance with domain standards and P2: the use of personal opinions.

This research paper will first give an overview of the cost estimation semantic model. The methodology used to
carry out this research will then be examined before the suggestions being put forward are examined. The iilustrative
results will then be given and resulting discussion and conclusions will complete the paper.

2. Background

As a result of technological advances in IT, many software applications have been created and used in relation to
construction cost estimates. These include Sage Timberline [6], Innovaya Visual Estimating [7], CostX [8], and
Nomitech [9]. Nonetheless, there are drawbacks in the use of this software in the cost estimation process; in BIM cases
[10-13], and quantity surveyor cases [14-20], pertinent details still need to be taken from the model, or a 3D model
built with the particular purpose of estimating costs. This is all a slow and error-likely procedure; after building the
model, measurements must be taken by satisfying specific requirements, such as SMM [21] or Professional Practice
Guides [22], to arrive at a priced unit figure. This quantity surveying is difficult and hard to follow through accurately
[4].

The most usual type of knowledge representation language used is OWL, although studying the estimates given
emphasise that there are four semantic models used. Using OWL as a knowledge representation language for
descriptive information is the best known and most widely used. Nonetheless, it is important to point out that this use
ignores any concerns in relation to language. As noted by Grzybek et al. (2014), problems show up because there is
the lack of a proper link between semantics and practical decisions with systems of knowledge engineering. Therefore,
it is necessary to have a more detailed assessment of the results of the estimating process [1-5].

The implementation procedure can be understood as making the elements of the component from symbols of the
building product replica, such as the IFC-based model, to pinpoint how these elements are made, and using the advice
of construction experts in a standalone capacity to measure or add tasks for building components. The cost figure is
then altered to take into account the impact of these changes. The ontology also uses a classification scheme which
organises the information into a tree structure. There is a parent node for each node, and each parent node might have
many children nodes. Moreover, each child node is a sub-category of the parent node and makes it easier to categorise
more precisely. The emphasis is on the condition of the design and the impact this has on price. Despite the
classification structure being clearly identified, the language for the model is not specific enough.

The improvements in technology that the construction industry has experienced have been heavily influenced by
the most recent internet releases. This is commonly known as knowledge demonstration and permits significant
improvements in terms of new methodologies. This strategy must permit interconnected functionality between
differing software items, including those that are web-based and well thought out suggestions. In terms of the
construction industry, software products need to include the 1ISO-10303 Standard Exchange of Product Data (STEP).
Indeed, the IFC was made as a building model for use in the construction industry and using particular features from
STEP. It has led to better building data by the application of semantic technology. The central ambition is to improve
building information accessibility by producing information that can be managed electronically.

The most apt representation language is often thought to be OWL, particularly in terms of the visuals because it is
efficient, familiar, and well supported. It must be acknowledged that this research does not consider offerings in other
languages. However, it is still true that data relating to engineering methods does not feature a large variety of semantics
and pragmatics [23].

The prototype designed must be able to develop some understanding whilst allowing individual input. Therefore,
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judging the worth of the model is in many ways dependent on semantics, given that they allow for accurate results to
be produced and the usefulness of the model to be assessed. Semantics are important because if the outputs are vague
and open to different interpretations, this tends to be because do not have detailed semantics. The CAD programmes
is an apt example, in that they provide developed drawing possibilities but do not have a human dimension (for
instance, geometric shapes) because they lack semantic detail. The purpose behind BIM was to build models that made
use of object-grounded images and to allow for a setting to be described semantically. In addition, BIM also allows for
a resource of information to be included that construction industry experts can find to detect the precise product
information they need. Many in the industry have been complimentary about BIM since it was set up as a way of
dealing with long-running issues.

3. Methodological Foundation and Research Methods

All aspects of research cannot be considered in detail in a paper such as this and instead, the aim is to provide a
precis of the methodology used as a prelude to considering the rational position on cost estimates and the author’s
assessment of the system that should be developed. An in-depth analysis of the logical issues around cost estimates, a
semantic assessment of cost estimates and model development will not be items for discussion in this paper.

3.1. Overview of research methods

The research project is of 4 years duration and involves close analysis of design science methods with the aim of
obtaining better standards of work in a digital setting. The project is in four stages; the pinpointing of issues, the putting
forward of solutions, the creating of prototypes and the authentication of them. Many different research methodologies
have been used, including a review of the relevant literature and professionals being interviewed as part of identifying
present problems, with the results available in other papers. As part of the stage involving solution design, standards
were reviewed, including data model standards as well as costing domain standards, in addition to interviews taking
place to verify the procedures in relation to cost estimates. For the prototype development stage, because of technical
restrictions, semantic web ontology will be used to epitomise domain knowledge. In addition, Prolog will be used as a
specific reasoning mechanism that uses all the procedures and sections within the reasoned programming setting. The
stage of validation involves the use of questionnaires and carrying out half-structured interviews of professional experts
so that the results generated can be contrasted with those from the logic programming setting.

3.2. Philosophical stance of cost estimation

The solution espoused has been developed from a particular viewpoint, which is the knowledge aspect of cost
estimation. It interprets cost estimation as a vibrant and collective procedure that is based on knowledge and develops
as a result of modifications and fresh evidence. Cost estimates are taken as a type of semiosis, or sign-process tasks.
The phrase ‘semiosis’ refers to a process that applies meaning to signs. This approach takes cost estimation as being
illustrative of the sign-grounded building of experience models. The human thought process that is used to make
decisions involves applying meaning (i.e. items) to signs. The way that the estimator interprets the sign is equivalent
to the sway that the sign has.
In relation to the difficulties in determining and quantifying the cost item, illustrative examples are shown below:
Deduction: Rule: If the damp-proof is wider that 300mm, then measure is taken in metres squared,;

Sign: Damp-proof >300mm

Object: Unit of measurement is square meter
This modern method of cost estimation suggests three crucial benefits to the procedure: 1) it brings in an authorised
BIM-focused cost estimation structure, and includes human reasoning in the estimation process; 2) it improves the
chance of information being offered within a context which means estimators are freed from the burden of prioritising
particular information; and 3) it makes possible a knowledge-based model of cost estimation. This approach lays the
groundwork for a more detailed examination of different kinds of analysis.

3.3. Development trends of computer system
Having closely assessed many different domains, it is the opinion of the authors that the pattern of future systems
is going to be geared towards knowledge-based extensions of information systems. Moreover, using BIM technology

offers a possible answer to the problem set out earlier through a specific and continuously evolving model during the
lifetime of a project [24]. Nonetheless, the BIM model does not have a knowledge perspective at present, so its
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operation is sub-standard.

In 2012, Hartmann (2012) introduced semiotics in assessing BIM systems. This was done with the intention of
developing the communication competence of BIM. The semiotic structure concentrated on technical aspects [26] and,
as shown in Liu (2000)’s semiotic ladder in 2000, particularly homed in on the IT stage. It is the author’s considered
view that the communication issues are because of something intrinsic in relation to the construction industry [28].
Given that the assessment focus on technological issues, it cannot thwart the particular issues arising in the construction
business. The main needs are to do with social and structural issues, rather than technical expertise and, as such, how
successful a business is in introducing information systems effectively depends on their preparation and planning as
opposed to the technicality of the systems themselves [29].

The development of BIM solution must move towards a human-based solution [30]. Indeed, the National Institute
of Buidling Sciences (2007) notes that BIM is a computer-generated replica of the actual form of a building. It is
therefore a source of information for users to make informed choice in relation to the construction of the building. The
authors studied a technological roadmap of BIM that Construction Excellence [31] designed and contend that for the
ongoing development of the sector, this needs to be further developed, particularly in relation to Al extended BIM+.
It would be helpful to have an Al system that searches through all of the information, spots patterns and unusual
aspects, carries out many processes automatically and alerts users to issues that need extra focus. It would also be very
useful if Al also pinpointed and clarified possible concerns and gave forecasts using data, so as to give support to the
choices that managers make.

This dream of the development of computer systems requires at its heart that computers understand the workflow
of professionals. Information has already been provided on the analysis of professional knowledge [32], and this paper
instead concentrates on suggested solutions and authenticating results.

4. Proposed Solution

In assessing the context, many aspects to do with BIM-based cost estimation have been studied in detail. It has
been suggested that modernised and developed processes could be used which are to do with the ontology used in the
construction industry. However, at this point, no research has managed to merge the important aspects in one prototype.
Despite many important pieces of research espousing the significance of a semantic underpinning in the domain
[33,34], itis recognised that a synopsis is needed setting out all of the different views in relation to a system based on
information, which includes compatibility (syntax), a description of pricing analysis (semantics), and precise
information about the conditions surrounding the elements being assessed (pragmatics) [35].
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Figure 1 (a) The traditional method of cost estimation via BOQ; (b) The proposed knowledge-
based System approach (KACE: Knowledge-based Automatic Cost Estimation)
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Figure 1 illustrates the present system of quantity surveying. In designing particular product models for specific
construction items, resource-based relationships and feature-based relationships need to be used in cost knowhow.
Research indicates that as regards customary techniques of cost estimation, quantity-based relationships may be
routinely given to the 3D design model [20].

The most widespread way of producing an accurate cost estimate within reasonable time and at reasonable cost is
using the resource-based model. Moreover, activity-based costing can be viewed as an improvement to resource-based
relations to ensure greater accuracy in results. Given that quantity-based relationships are straightforward and
imprecise, it tends to be left to quantity surveyors to decide the way in which cost information should be amended to
maintain equilibrium between the cost estimate and the scale of the project. To allocation an action to each product
would require a very detailed model and significant exertion, even though the two models mentioned are still mainly
dependent on manual input. To that end, they demonstrate the issues in relation to cost estimation. The first of these
is quantity take-off, whereby despite the weighting and cost regulations being altered depending on national and
business criteria, there is also significant variation between individuals on this. Secondly, the unit price varies hugely
from one quantity surveyor to the next, and a major ambition is to design a constant and adaptable BIM solution [36].

Studying the new measurement systems [21] has allowed the author, in Figure 1b, to offer the notion of an agreed
process of cost estimation that could be a reality in a digital environment. Ontology stands for the approach of being
ledge focused in this research and the systems followed in this procedure can have an impact on new examples by
using current mechanisms. The procedure pinpoints certain aspects and amends the unit cost rate accordingly. Thus,
using knowledge from quantity surveyors is another issue that is central to this research exercise. The issue of current
practice in terms of knowledge representation in BIM will be covered in the following section. In addition, the
organisation issues in terms of using the knowledge from quantity surveyors will also be assessed.

As evidenced by a review of the literature, present BIM cost estimation is a disjointed knowledge process. The IFC
model gives information about the building alongside the cost estimation process. The IDM confirms the information
passed between the IFC model and the cost estimation and takes quantity off [37]. The IFD then provides the in-depth
component knowledge that is within the IFC model but does not simplify the process of cost estimation. Additional
improvements are needed from technological developments. A mixed methodology purports that a cost estimate is
made using previous information and the project elements, and the cost estimate is then amended by experts to make
it more insightful. However, there are variations in BIM-based cost estimations, which is unsatisfactory for industry
experts. If knowledge is not integrated into the procedure of cost estimation, it is lost by the process and kept as a result
of individual knowledge as to costs. In addition, the procedure can be further sub-divided to be more useful to the
carrying out of professional activities by describing, identifying, selecting and amending data during the cost estimation
process. Professional work cannot benefit unless a new approach for reviewing cost estimation that takes account of
the human aspect, and provides a link between the IT programme and the human role is developed.

5. Prototype and Validation

To use the model so that it could be tested as part of the research, a form of the model was built to give cost
estimation information. There were three stages in the development: (1) metadata was taken from code of practice
documents, which are connected to cost estimates and laws of measurement [21]; (2) semantic details were recorded;
and (3) the procedures were introduced.

Semantic assessment: to achieve the results of the assessment, the Order of Cost Estimation [38] and important
processes in relation to cost estimation [39—43] have been assessed. 123 units of metadata have been created as a
result.

Semantic data transfer: to achieve the results of the agenda, the semantic aspects used as part of the code of
practice, as well as the IFC language, have been logged, as can be seen in Table 2.

Table 1 Semantic units mapping

Documents Total IFC entity Number  of Number of relationships
attributes

Order of Cost Estimation 22 27 8

Bill of Quantities 42 59 22
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Table 2 Result of comparison (Brick Wall)

Components Traditional method Proposed
method
A B C D E F
(4 years) (8years) (2years) (12 (6 (10
years) years) years)

Cost Item ABCD AB AB,C ABCD AB,C, A B, ABCD
Description* D C,D
Measured 12.46m? 11.43m?  12.46m? 1246 m? 12.46 12.46  12.46m?
Quantity m? m?
Material 4.66%/m?  49.72$/m? 4.56$/m> 6%$/m>  4.66%/m 4.56%/ 4.56$/m?
Unit Cost 2 m?

Labour Unit 3$/m?2 33.71$/m? 3.18%/m? 4 %$/m? 3.17$/m 3.17$/ 3.17%/m?
Cost 2 m?2

Adjust on O 0 Increase 0O 0 Decrea Decrease
Labour Unit 20% se 20% 30%
Cost

Scoped 3$/m? 33.71$/m? 3.82$/m? 4$/m?  3.17$/m 2.54%/ 2.22$/m?
Labour Unit 2 m?

Cost

Total $95.44 $953.60  $104.41 $124.46 $97.56 $88.47 $84.48

*Note: A: Material, B: Working Methods, C: Size, D: Location, E: Additions

The results depicted in Table 3 are limited due to constraints of space, but they illustrate the contrast between results
from specialist analysis and those of KACE with three different cost items. Expert A pointed out that the accuracy of
brick wall estimates would be better if drawings of rebar and concrete beams were added as they could be utilised to
strengthen the force of the wall. It would be a useful discussion to consider how these points could be used as part of
the knowledge base or in the IFC model but it is beyond the scope of this research. Expert B noted there was insufficient
information about tiles and extra quotations were needed. They also did not notice the boundary works had been
included and, in the feedback, they agreed it needed to be included and the unit cost could be calculated from the
information given. Expert C noted that the height of the brick wall might mean that productivity may reduce by 20%
which would cause increased labour unit costs of 20%. Expert D gave the unit cost of brick based on his experience
because of the shortage of drawings of rebar and concrete beams for brick walls.

From the different assessments given, KACE shows that expert analysis and knowledge of analytical cost
estimation can be measured and leads to similar cost items as experts calculating it on their own. The variation between
totals emphasises how vital it is to record and automate the procedure.

6. Limitations

Looking more broadly, the approach being suggested and its semantic, practical and standard and it would apply
to other areas of construction, for instance, checking the energy performance of buildings, checking for collision, and
BIM-based construction management. It is possible to use ontology and rules to computerise the knowledge works of
professionals and to build reasoning models of the knowledge. Nevertheless, there is little agreement on how useful
such mechanisms would be. In addition, it is unknown what the construction of social knowledge trends would look
like, or how a special example of a knowledge model would vary from that ‘ideal’ state.

Looking ahead, research should aim at establishing a more in-depth appreciation of the BIM-based construction
management. The discussion on the theory of working designs involves several related areas, from the role of artificial
intelligence, to how procedures, models and data are seen. Nevertheless, applying this approach can make the gathering
of information more straightforward and give it a context which will assist in introducing models for large amounts of
data.
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7. Conclusions

It believes that BIM is a procedure which uses object-focused models to design a building in addition to giving
design information to all of those involved. The procedure involves using computerised data to take away the
limitations of the construction sector. BIM methods should be assessed as a transporter of particular data that needs to
be subject to further examination from construction experts. As noted by . Eastman et al. (2011), the primary focus
should be on organisation rather than technical prowess.

The purpose behind the research was to design a method for automatic cost estimating based on BIM to offer an
Al assisted professional workflow. A fresh method of using a KBS in a BIM setting can be put forward. Domain
ontology can be engaged to encapsulate the semantics of the costing process and a business process modelling with
norms can be used to measure the application logic (professional problem-solving procedure). In addition, an analysis
on professional problem-solving methods and domain ontology in a reasoning technological setting can offer a
connected approach to cost estimation.

Analysis supports the methodology of automatic cost estimation as being appropriate, and for BIM-based cost
estimation to be extended to a knowledge viewpoint. The end target of the research is to put forward a philosophical
viewpoint in terms of professional work, so that it is not only restricted to cost estimation but more broadly in the
analytical procedure. To that end, another paper has been published that deals with healthcare analytics processes [45].
It should also be noted that no technical information has been given here because of the limitations of space, although
it is the intention of the authors to publish detailed tech specification in Automation in Construction.

It needs to be observed that the addition of extra metadata and uses the clauses is at present done manually, and
there is the potential for this to be done electronically. However, with increased confidence in automated systems, the
expectation is that codes of practice will be carried out in a semantically targeted fashion which allow the links between
items to have clarity. This amendment in how codes of practice are presented will mean that they are made in ways
that allow them to be made automatically, with human comprehension being something that comes out of the system,
rather than being involved in the input. This method of succeeding in having automated regulation checking procedures
was supported by Beach et al. (2015).

References

[1] S. Staub-french, A.M. Asce, M. Fischer, J. Kunz, B. Paulson, M. Asce, An Ontology for Relating Features with Activities to Calculate
Costs, (2003) 243-254.

[2] H. Abanda, J.H.M. Tah, M. Manjia, C. Pettang, F. Abanda, An ontology-driven house-building labour cost estimation in Cameroon, J.
Inf. Technol. Constr. 16 (2011) 617-634.

[3] G. Fidan, I. Dikmen, A. Tanyer, B. M., Ontology for relating risk and vulnerability to cost overrun in international projects., J. Comput.
Civ. Eng. 25 (2011).

[4] Z. Ma, Z. Wei, Framework for Automatic Construction Cost Estimation Based on BIM and Ontology Technology, in: Proceeding CIB
W78 2012 29th Int. Conf., Beirut, Lebanon, 2012: pp. 17-19. http://itc.scix.net/data/works/att/w78-2012-Paper-17.pdf.

[5] S.S.-K. Lee, K.-R.K. Kim, J.J.-H. Yu, BIM and ontology-based approach for building cost estimation, Autom. Constr. 41 (2014) 96—
105. doi:10.1016/j.autcon.2013.10.020.

[6] Sage, Sage Estimating, Sage. (2014). http://na.sage.com/us/sage-construction-and-real-estate/sage-estimating (accessed April 22, 2014).

[7] Innovaya, Innovaya Visual Estimating, Innovaya. (2014). http://www.innovaya.com/prod_ve.htm (accessed April 22, 2014).

[8] Exactal, CostX® | Exactal CostX : Construction Estimating Software | On-screen Takeoff Software, (2013).
http://www.exactal.co.uk/products/costX (accessed November 4, 2013).

[9] Nomitech, Nomitech Construction Oil & Gas BIM Cost Estimating Software, Estimating Services | Home, (2013).

http://www.nomitech.eu/cms/en/c/index.html (accessed November 4, 2013).

[10] Autodesk, Skidmore, Owings &amp; Merrill Standardizes Freedom Tower Project on Autodesk Revit Platform, Autodesk. (2005).
http://usa.autodesk.com/adsk/servlet/item?sitelD=123112&id=5523957&linkID=14271593 (accessed July 29, 2011).

[11] C. Harty, D. Throssell, H. Jeffrey, M. Stagg, Implementing building information modelling: a case study of the Barts and the London
hospitals, in: Int. Conf. Comput. Civ. Build. Eng., Nottingham University Press, 2010.
http://www.engineering.nottingham.ac.uk/iccche/proceedings/pdf/pfa3.pdf (accessed July 25, 2011).

[12] Bentley, Review and Study of the Opera Theater Interior and New Works, Sydney Opera House, 2012. http://www.bentley.com/en-
US/Solutions/Buildings/Case+Studies.

[13] Graphisoft, World’s Tallest Residential Tower Designed with 3D Virtual Building Concept, Graphisoft. (2002).
http://www.graphisoft.com/community/press_zone/eureka.html (accessed July 30, 2011).

[14] W.M. Matipa, D. Kelliher, M. Keane, How a quantity surveyor can ease cost management at the design stage using a building product
model, Constr. Innov. Information, Process. Manag. 8 (2008) 164-181. d0i:10.1108/14714170810888949.

[15] C. Gee, THE INFLUENCE OF BUILDING INFORMATION MODELLING ON THE QUANTITY SURVEYING PROFESSION,
University of Pretoria, 2010. http://upspace.up.ac.za/handle/2263/16349.

[16] S. Xu, L.C.M. Tang, High value information in quantity surveying organizations, in: Int. Conf. Constr. Real Estate Manag. (ICCREM
2011), Guangzhou, China, 18-19 November, 2011.

[17] S. Xu, K. Liu, L.C.M. Tang, Cost Estimation in Building Information Model, in: Int. Conf. Constr. Real Estate Manag. (ICCREM
2013), 2013.

[18] L. Sabol, Challenges in cost estimating with Building Information Modeling, IFMA World Work. (2008).

22



CCC 2018 Proceedings DOI 10.3311/CCC2018-003

[19]

[20]
[21]

[22]
[23]

[24]
[25]
[26]
[27]
[28]

[29]

[30]
[31]

[32]

[33]
[34]

[35]
[36]
[37]

[38]

[39]
[40]

[41]

[42]
[43]

[44]
[45]

[46]

http://www.dcstrategies.net/pdf/2_sabol_cost_estimating.pdf.

O. Olatunji, W. Sher, N. Gu, Building Information Modeling and Quantity surveying Practice, Emirates J. Eng. Res. 15 (2010) 67-70.
http://eclsun.uaeu.ac.ae/ejer/issues/\V15/pdf_iss1_15/8.pdf (accessed May 12, 2011).

S. Xu, L.C.M. Tang, BIM Environment : Quantity Surveyor ’ s Information Lifecycle, in: Innov. Built Environ. Acad., 2011.

The Royal Institution of Chartered Surveyors, RICS New Rules of MEASUREMENT Bill of Quantities for Works Procurement,
Coventry, 2011.

AACE, Association for the Advancement of Cost Engineering (AACE) International Recommended Practice No. 25R-03, 2004, 2004.
H. Grzybek, S. Xu, S. Gulliver, V. Fillingham, Considering the Feasibility of Semantic Model Design in the Built-Environment,
Buildings. 4 (2014) 849-879. doi:10.3390/buildings4040849.

National Institute of Buidling Sciences, National Building Information Modeling Standard Version 1 - Part 1: Overview, Principles, and
Methodologies, buildingSMARTalliance National BIM standard, United States, United States, 2007.

T. Hartmann, A Semiotic Analysis of Building Information Model Systems, Comput. Civ. Eng. (2012) 381-388.
doi:10.1061/9780784412343.0048.

P. Andersen, A theory of computer semiotics: Semiotic approaches to construction and assessment of computer systems, 1997.
http://acl.ldc.upenn.edu/J/J92/392-4011.pdf (accessed December 18, 2012).

K. Liu, Semiotics in Information Systems Engineering, Cambridge University Press, Cambridge, 2000.
doi:10.1017/CB09780511543364.

R.G. Eccles, The quasifirm in the construction industry, J. Econ. Behav. Organ. 2 (1981) 335-357. doi:http://dx.doi.org/10.1016/0167-
2681(81)90013-5.

G. Cui, K. Liu, Infrastructural Analysis for Enterprise Information Systems Implementation, in: M. Lytras, E. Damiani, J. Carroll, R.
Tennyson, D. Avison, A. Naeve, A. Dale, P. Lefrere, F. Tan, J. Sipior, G. Vossen (Eds.), Springer Berlin / Heidelberg, 2009: pp. 356—
365. doi:10.1007/978-3-642-04754-1_37.

C.M. Eastman, Building Product Models: Computer Environments, Supporting Design and Construction, Taylor & Francis, 1999.
http://books.google.co.uk/books?id=KBNWOfDtKrsC.

Construction Excellence, UKCG, Construction Industry Council, A report for the Government Construction Client Group: Building
Information Modelling Working Party Strategy Paper, UK, 2011.

S. Xu, K. Liu, L.C.M. Tang, W. Li, Computers in Industry A framework for integrating syntax , semantics and pragmatics for computer-
aided professional practice : With application of costing in construction industry, Comput. Ind. 83 (2016) 28-45.
doi:10.1016/j.compind.2016.08.004.

M.P. Nepal, S. Staub-French, R. Pottinger, J. Zhang, Ontology-Based Feature Modeling for Construction Information Extraction from a
Building Information Model, J. Comput. Civ. Eng. 27 (2012) 120814090309004. doi:10.1061/(ASCE)CP.1943-5487.0000230.

Z. Ma, Z. Wei, P.D. Candidate, Z. Liu, Ontology-Based Computerized Representation of Specifications for Construction Cost
Estimation, (2013) 707-716.

Shen Xu, Kecheng Liu, Llewellyn C.M. Tang, Weizi Li, A Framework for Integrating Syntax, Semantics and Pragmatics for Computer-
aided Professional Practice: With Application of Costing in Construction Industry, Comput. Ind. 83c (2016) 28—45.
doi:10.1016/j.compind.2016.08.004.

S. Xu, K. Liu, L.C.M. Tang, Applying Organizational Semiotics for Developing Knowledge-based Cost Estimation of Construction
Project, in: Proc. Inf. Knowl. Manag. Complex Syst. (ICISO 2015), Springer International Publishing, Toulouse, France, 2015: pp. 80—
91.

Open Geospatial Consortium Inc., buildingSMART alliance, Draft QTO Information Delivery Manual, 2009.

The Royal Institution of Chartered Surveyors, RICS New Rules of Measurement - Order of Cost Estimating and Elemental Cost
Planning, Coventry, 2007.

F. Tan, T. Makwasha, “ Best practice ” cost estimation in land transport infrastructure projects, (2010) 1-15.

L. Government, Best Practice Cost Estimation for Publicly Funded Road and Rail Construction, 2008. http://docplayer.net/8466786-
Best-practice-cost-estimation-for-publicly-funded-road-and-rail-construction.html.

S. Isakowitz, NASA Cost Estimation Handbook, 2008. http://www.nasa.gov/pdf/263676main_2008-NASA-Cost-Handbook-
FINAL_v6.pdf (accessed August 8, 2016).

V.0. Schinnerer, Construction Cost Estimating, 2007. http://www.aia.org/aiaucmp/groups/secure/documents/pdf/aiap016637.pdf.

N. Sinclair, P. Artin, S. Mulford, Construction cost data workbook, in: World Bank (Ed.), Conf. Int. Comp. Progr., Washington, D.C.,
2002. http://4estimators.ucoz.com/_ld/0/5_dms.final.doc (accessed March 4, 2014).

Eastman, P. Teicholz, R. Sacks, K. Liston, BIM Handbook: A Guide to Building Information Modeling for Owners, Managers,
Designers, Engineers and Contractors, Second, John Wiley & Sons, 2011. http://books.google.co.uk/books?id=lioygNOnYzMC.

S. Xu, T. Rogers, E. Fairweather, A. Glenn, J. Curran, V. Curcin, Application of Data Provenance in Healthcare Analytics Software:
Information Visualisation of User Activities, in: AMIA Informatics Summits, 2018.

T.H. Beach, Y.R. Rezgui, H. Li, T. Kasim, A Rule-based Semantic Approach for Automated Regulatory Compliance in the
Construction Sector, Expert Syst. Appl. 42 (2015) 5219-5231. doi:10.1016/j.eswa.2015.02.029.

23





